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Preface

In the areas of hydrology and hydroclimatology, usage of different statistical
methods is inevitable due to inherent uncertainty. Hydrology and climatology are
two areas of science that involve studies related to hydrologic and climatic
systems/subsystems, respectively. In connection with the climate change and its
impacts on water resource engineering, hydrologic and hydroclimatic problems are
now being addressed hand in hand. Random variability of hydrologic variables has
a long history since its recognition, and several statistical techniques are currently in
use. Further, the correspondence between climatic variability and hydrologic
variability has produced a relatively new interdisciplinary field, known as hydro-
climatology. It provides a platform to analyze the relationship between climatic
factors and hydrologic variables over space and time. Spatio-temporal evolution of
such relationship is essential in the context of climate change. Several statistical
methodologies are currently being developed and introduced in this subject area to
tackle new emerging challenges.

This book focuses on a wide range of statistical methods ranging from funda-
mental concepts to advanced theories that are found to be potential and essential to
deal with the real-life problems in the fields of hydrology and hydroclimatology.
Besides other advanced theories, the book also introduces the theory of copulas and
its applications in a chapter with many illustrative examples and MATLAB-based
small codes to deal with the problems and solutions in hydrology and
hydroclimatology.

Part of the book is intended to serve as a textbook for graduate courses on
stochastic methods in hydrology and related disciplines. The book may also be a
valuable resource for researchers, professionals, and doctorate students in the areas
of hydrology, hydroclimatology, and related fields. This book is broadly organized
as follows: Chapter 1 provides a basic introduction on the subject area and role of
statistical methods in it. Chapters 2 and 3 are introductory in nature and present a
thorough discussion on the basic concepts of random experiment, random variables,
and some basic exploratory statistical properties. Chapter 4 provides mathematical
and conceptual foundations of commonly used probability distributions in the
domains of hydrology and hydroclimatology. Chapter 5 deals with frequency

vii
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analysis, risk, and uncertainty in hydroclimatic analysis. Hypothesis testing and
nonparametric tests are discussed in Chap. 6. Regression analysis and multivariate
analysis including ANOVA and wavelet analysis are covered in Chaps. 7 and 8§,
respectively. Chapter 9 presents the concepts of hydroclimatic time series analysis
and forecasting including stationarity, homogeneity, periodicity. Chapter 10 por-
trays the potential of copula theory in hydrology and hydroclimatology. Copulas
help to develop the joint distribution between multiple associated hydroclimatic
variables. Its potential in frequency analysis, multivariate modeling, simulation, and
prediction is discussed for hydroclimatic problems.

Kharagpur, India Rajib Maity
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Chapter 1 ®)
Introduction Check for

It is oblivious to state the need of statistical methods in any field of engi-
neering and science. In the area of hydrology and hydroclimatology, use
of different statistical methods is inevitable due to inherent uncertainty.
This chapter starts with some basic definitions and scope in hydrology,
climatology, and hydroclimatology. Role of statistical methods in the
context of inherent variability and uncertainty is discussed afterward.
Organization of the book is also presented at the end of this chapter.

1.1 Definitions and Scope

Hydrology is the science that involves studies related to occurrence and movement
of water (in any phase of solid, liquid, or vapor) in the combined system of surface,
subsurface, and atmosphere. Hydrologic cycle, also known as water cycle, is the
basis of the hydrologic science. It offers a platform to manage the available water in
the context of water use, water control, and water pollution.

Climatology is the field of study related to exchange of mass, momentum, and
energy between land/ocean surface and atmosphere. Vertical and horizontal fluxes of
these quantities drive the interaction between earth surface (both land and ocean) and
atmosphere. These fluxes also control the atmospheric circulation at different scales.
Atmospheric component of hydrologic cycle is coupled with climatic phenomena,
and thus, any change or variability may affect each other through different feedback
systems.

Hydroclimatology is an interdisciplinary area of study that deals with the inter-
action between hydrology and climatology to identify the influence of the climatic
system on different hydrologic processes, which are the parts of hydrologic cycle.
For example, hydrologic variables, such as rainfall, soil moisture, streamflow, etc.,
are significantly influenced by various global or local scale atmospheric circulations.
In the context of climate change, role of hydroclimatic studies has become crucial

© Springer Nature Singapore Pte Ltd. 2018 1
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in many applications. In general, hydroclimatology provides a platform to analyze
the relationship between climatic factors and hydrologic variables over space and
time. Such relationship and their possible changes vary over time and space and are
essential in the context of climate change.

1.2 Role of Statistical Methods

1.2.1 Hydrologic and Hydroclimatic Variability

Hydrologic and climatic systems, and their combination, i.e., hydroclimatic systems,
consist of several interrelated processes. Such processes are not amenable to deter-
ministic analysis. In most of the cases, if not all, hydrologic and hydroclimatic vari-
ables are associated with randomness/uncertainty and should be treated as random
variables. Examples include peak discharge, streamflow, annual maximum rainfall,
number of rainy days, etc. It is rather hard to identify any hydroclimatic variable that
is free from any randomness.

1.2.2 Need of Statistical Methods

Statistical methods deal with the uncertainty and provide the ways to take practi-
cal decisions or choosing mitigation strategies. Role of statistical methods in the
context of uncertainty includes evaluation and quantification of uncertainty, making
inferences based on the available data, frequency analysis, forecasting, and so on.

Need of statistical methods in hydrology was felt long back. Recently, in the
context of climate change and its possible impact on hydrology and water resources
engineering, statistical methods are inevitable. In general, numerous hydrologic and
hydroclimatic variables are associated with each other. Several considerations come
into play for the development of statistical models. These include the nature of the
associated variable(s) (precipitation, temperature, streamflows, storage levels, etc.),
data availability, scale of analysis.

The utility of statistical methods in analysis of hydroclimatic systems is beneficial
for understanding the interrelated processes involved and to perform risk and vulner-
ability analysis. Though there is a plethora of deterministic models available, yet the
presence of several source and types of uncertainties associated with spatial and tem-
poral variability in hydroclimatic variables demands statistical methods. However,
most of the statistical methods, if not all, depend on some parametric assumptions of
data sets and the predefined nature of correspondence. Thus, it is essential to extract
the characteristics of the data using different statistical tools. Any statistical model-
ing approach involves exploring the mutual relationship between the input and target
hydroclimatic variables.
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Prediction of hydroclimatic variables is another important aspect to be accom-
plished through statistical modeling. Reliable prediction is always helpful in resource
management and impact assessment studies in the context of climate change. In gen-
eral, some of the variables are considered as inputs (also known as predictors or
independent variables) from which information is extracted and rest are consid-
ered as the response variables (also known as predictands or dependent variables).
Sometimes information of the same variable from the previous time steps (lagged
values) is also considered in the set of inputs. The role of inputs may vary in both
space and time. Traditionally, the selection of predictors has been accomplished
by some statistical methods, such as regression or cross-correlation analysis. For
instance, monthly streamflow prediction at a basin scale is a challenging problem
because of the complex roles of multiple interacting hydroclimatic variables, such
as precipitation, evaporation, soil moisture, temperature, pressure, wind speed that
directly or indirectly contribute to flow generation. While several target variables,
such as rainfall, streamflows are known to depend on various hydroclimatic variables,
dependence patterns may not be known with certainty and vary from one basin to
another. Statistical methods are required for the competent predictor selection, and it
is an important part of the development of effective prediction or simulation models.
Apart from selecting variables based on our understanding of the physical system,
temporal relations between the predictor set and predictand need to be accounted
for using techniques such as time series autocorrelation and partial autocorrelation
and/or cross-correlation analysis.

Another issue concerns about numerous hydroclimatic variables that may have
possible influence on the target variable at multiple lags, which may yield a pro-
hibitively large number of variables in the predictor set. This leads to curse of dimen-
sionality and may pose serious challenges in parameter estimation and lead to a
highly complex prediction model. Sometimes it may also be burdened with redun-
dancy in information from multiple inputs. In such situation, some techniques related
to multivariate analysis are helpful in prioritizing the relevant features in the set of
potential predictor variables. It has several advantages including better understand-
ing of the data and dimensionality reduction of multivariate data to avoid the curse
of dimensionality. Examples include principal component analysis (PCA), super-
vised principal component analysis (SPCA), canonical correlation analysis (CCA),
empirical orthogonal function (EOF) analysis, analysis of variance (ANOVA).

A substantial impact on the available water resources due to climate change is real-
ized almost everywhere across the world. Such impacts may vary spatio-temporally
that influence the characteristics of the extreme events, such as droughts and floods,
including number, magnitude, severity, duration. Spatio-temporal variation in any
hydroclimatic variables may cause spatio-temporal variation in other associated
hydroclimatic variables also. The characteristics of hydrologic extreme events are
influenced by triggers that may be manifested in specific patterns of hydroclimatic
variables. Identification of these triggers also requires statistical methods for devising
effective mitigation plans against extreme phenomena.
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The development of joint probability distribution among the associated hydro-
climatic variables is needed in many modeling schemes. It may be noted that mul-
tivariate Gaussian distribution ensures that the marginal distribution of each of the
associated variables is normally distributed. However, reverse is not true; i.e., when
the distributions of all the associated variables are normal, joint distribution is not
necessarily multivariate Gaussian. In general, even though the marginal distributions
of each of the associated variables are known, their joint distributions may not be
easy to derive from these marginal distributions. However, copula can be used to
obtain their joint distribution, using scale-free measures of dependence between the
variables. Kendall’s tau and Spearman’s rho are the most commonly used scale-
free measure of association, and these are nonparametric, i.e., free from any specific
parametric assumption. In most of the hydroclimatic analysis, some interrelation-
ship among the associated variables may exhibit more prominence as compared to
others even though other factors may influence the target variable. For example,
rainfall and runoff may exhibit more prominent association but other hydroclimatic
variables, such as spatial variation of soil moisture, may also influence the runoff
generation. In such cases, multivariate copulas are helpful. In some cases, combina-
tion of several statistical methods is also found beneficial, for instance, extraction of
principal components from the set of input variables and then application of copulas
using the principal components as inputs.

In brief, probabilistic assessment in the field of hydrology and hydroclimatology
is unavoidable. This requires a thorough knowledge on wide range of statistical tools
from basics to advanced theories and their applications.

1.3 Organization of the Book

Keeping all the aspects in consideration as discussed in the last section, the book
is organized in such a way the readers will build up their knowledge from basic
concept to advanced theories and apply to the real-life hydrologic and hydroclimatic
problems and interpret the results. It starts with some basic concepts of probability
and statistics (Chaps. 2 and 3). All the statistical methods discussed in the subsequent
chapters require in-depth knowledge of probability theory. Chapter 2 presents a thor-
ough discussion on the basic concepts of random experiment, random variables,
events, and assignment of probability to events with relevant examples. Chapter 3
starts with some basic exploratory statistical properties, which is the first step of any
statistical method to be attempted. Concept of moment and expectation, moment
generating, and characteristic functions is considered afterward. Different methods
for parameter estimation build the foundation for many statistical inferences in the
field of hydrology and hydroclimatology.

As mentioned before, presence of uncertainty is unavoidable in any hydrologic
and hydroclimatic variable. First step to deal with it is to probabilistically represent
the data using different probability distributions. In Chap.4, commonly used distri-
butions with their parameters, properties of the distribution supported by graphical
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representation, and their plausible applications in hydrology and hydroclimatology
are explained. Discussion on each distribution is presented in the order of their basics,
interpretation of the random variable, parameters, probability mass/density function,
description, potential applications, and illustrative examples. This order is expected
to help the readers to understand the distribution and to develop the knowledge base
for its further applications.

Frequency of extreme events like severe storms, floods, droughts is an essential
component of hydrology and hydroclimatology. In the context of climate change,
such events are found to occur more frequently. It is oblivious to state that more
extreme events have catastrophic impact on the entire agro-socioeconomic sector of
the society. Chapter 5 deals with frequency analysis, risk, and uncertainty in hydro-
climatic analysis.

Hypothesis testing and nonparametric tests are discussed in Chap. 6. Available
data is generally limited in the domain of hydrology and hydroclimatology. Hypoth-
esis testing is useful to assess the changes that might have occurred owing to climate
change. It helps to make statistical inferences about some parameter of the popula-
tion based on the available data. Nonparametric tests also help to assess the change
in the data over time or space using the concept of hypothesis testing. Such tests are
useful in absence of long data and/or if the available data does not fit any known and
commonly used distribution.

Rest of the book covers the modeling of relationship/association/dependence
between the associated variables. Many applications in hydrology and hydroclima-
tology, such as simulation, prediction, depend on the relationship between the asso-
ciated variables. In Chap. 7, the procedure of developing such relationship between
dependent and independent variables through regression analysis and curve fitting is
discussed. Multivariate analysis techniques are taken up next in Chap. 8, since it is
often noticed that many hydroclimatic variables are associated with each other. Gen-
erally such associations are complex and are required to be analyzed simultaneously
using multivariate hydroclimatic analysis.

Hydroclimatic time series vary with space and time due to continuously evolving
nature of hydroclimatic variables. The objective of Chap.9 is to introduce different
types of time series analysis techniques. This requires an understanding of time
series analysis techniques and time series properties like stationarity, homogeneity,
periodicity, which is the subject matter of this chapter.

Chapter 10 portrays the potential of copula theory in hydrology and hydroclima-
tology. This chapter starts with an introduction to basic concept and the theoretical
background. Copulas help to develop the joint distribution between multiple vari-
ables that are associated with each other. Basic mathematical formulations for most
commonly used copulas are discussed and illustrative examples are provided. Its
potential in frequency analysis, multivariate modeling, simulation, and prediction is
discussed for hydroclimatic problems.

Throughout the book, the illustrative examples are of three types — (i) with very
small data showing the calculations very clearly so that readers can get an idea
on the computing procedure, (ii) with sufficiently large data so that the results
can be interpreted and the theory can be applied to other similar problems, and
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(iii) with real data and computer code (MATLAB platform). The illustrative exam-
ples with very few data points help to show the calculation steps explicitly. Please
note that any statistical analysis should be done with sufficiently long data. Once
the readers understand the steps, computer codes can be written easily for large data
sets. Examples of MATLAB codes are also provided at the end of each chapter.



Chapter 2 ®)
Basic Concepts of Probability oo
and Statistics

Probability is the measure of chance of occurrence of a particular event.
The basic concept of probability is widely used in the field of hydrology
and hydroclimatology due to its stochastic nature. The inferences like
the expected frequency of events, prediction of hydrologic phenomena
based on the dependent variables, risk assessment and modeling require
in-depth knowledge of probability theory. This chapter starts with the
basic concepts of probability that is required for a clear understand-
ing of random experiment, random variables, events, and assignment
of probability to events. The axioms of probability and the fundamental
rules are explained with the help of Venn diagrams. Later, the concepts
of univariate and bivariate random variables along with their respec-
tive forms of probability distribution function, cumulative distribution
function, and joint probability distribution are discussed. Application of
the probability theories in the field of hydrology and hydroclimatology
is illustrated with different examples.

2.1 Concepts of Random Experiments and Random
Variables

2.1.1 Random Experiments, Sample Space, and Events

An experiment is a set of conditions under which behavior of some variables is
observed. Random experiment is an experiment, conducted under certain conditions,
in which the outcome cannot be predicted with certainty. Each run of a random
experiment is generally referred as a trial. Possible outcome(s) of each trial varies
(vary); reason to call it random. In the domain of hydrology and hydroclimatology,
counting the number of rainy days in a particular month (say June), measuring the
rainfall depth, soil moisture content, wind speed, etc., are the few examples of random
experiments.
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8 2 Basic Concepts of Probability and Statistics

All possible outcomes of a random experiment constitute sample space, and each
outcome is called a sample point. For example, for the random experiment, ‘counting
the number of rainy days in June’, the sample space consists of only integers from
0 to 30. Outcome of ‘measuring the rainfall depth’, ‘soil moisture content’, or ‘wind
speed’ at a location may take any nonnegative values. Thus, the sample space of
these random experiments consists of any real number in the range of 0 to oo.

The sample space can be classified either as discrete or continuous sample space.
A sample space is discrete if it has finite or countably infinite elements. For example,
the sample space of the random experiment, ‘counting the number of rainy days in
June’, consists of discrete numbers only (0-30). This is an example of discrete sample
space that contains finite number of elements. Another example of ‘inter-arrival time
(in days) between two rainfall events’ is also a discrete sample space. However, this
sample space contains countably infinite elements. On the other hand, the sample
space that consists of a continuum, i.e., all possible values within a range of real
numbers, is known a continuous sample space. The sample spaces of ‘measuring the
rainfall depth’, ‘soil moisture content’, or ‘wind speed’ at alocation are the examples
of continuous sample space that consist of any real number in the range of 0 to co.

An event can be defined as a subset of a sample space. Event may consist of a
single/multiple sample points (discrete sample space) or a range from the sample
space (continuous sample space). Number of rainy days in June equal to 10 is an
example of event from the sample space of ‘counting the number of rainy days in
June’. Similarly, wind speed greater than 100km/h is an event from the continuous
sample space of ‘wind speed’ at a location.

2.1.2 Concept of Random Variables and Events

According to classical concept, a random variable (RV) is a function that maps each
outcomes of an experiment over a sample space to a numerical value on the real line
(Fig.2.1). ThusaRV is nota variable, rather a function. A random variable is generally
denoted by an uppercase letter, say X, and the corresponding lowercase letter, i.e.,
x is used to represent a specific value of that random variable. The convention of
course varies; however, it will be uniformly followed in this book. Thus, X denotes
a random variable and x denotes a specific value of the random variable X. Random
variable may be discrete or continuous depending on the nature of the associated
sample space. The random variable associated with a discrete (continuous) sample
space is a discrete (continuous) random variable. Thus, if the set of values a random
variable can assume is finite or countably infinite, the random variable is said to be
discrete random variable. If the set of values a random variable can assume is a
continuum, i.e., all possible values within a range of real numbers, then the random
variable is known as continuous random variable. An example of a discrete random
variable would be the ‘number of rainy days in June’ at a particular location, whereas
‘the rainfall depth’ at a location is a continuous random variable. Any function of a
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Sample space

Number line

Fig. 2.1 Representation of random variable

random variable is also a random variable. If X is a random variable, then Z = g (X)
is also a random variable.

Since the subset of a sample space forms an event, a specific value or a range
of values of a random variable is also an event. For example, X = 3, X > 5,
0 < X < 50 are the examples of events of the random variable X. Probability is
assigned to the events, and this assignment of probability to events is the key for
any probabilistic assessment. It requires the concept of set theory that includes the
inter-relationships between events, such as union (symbolized as AU B), intersection
(symbolized as A N B or AB), and complement (symbolized as A€). It is expected
that the readers are well aware of these concepts. Graphical representation of sample
space, events, and their inter-relationships is generally depicted by Venn diagram. A
typical Venn diagram showing sample space (S), events (E|, E,, . .. etc.), and their
inter-relationships is shown in Fig.2.2. Further details can be referred to any basic
book on probability and statistics.

Mutually Exclusive Events

Two events E;| and E; are called mutually exclusive when none of the outcomes in
E| belongs to E; or vice versa. This is denoted as: E; N E, = ¢, where ¢ indicates
a null set. In Fig.2.2a, mutually exclusive events are shown by no overlap between
them.

Collectively Exhaustive Events

When union of all events (E;, E»,...E,) comprise the whole sample space, ‘S’,
then Ey, E,, ..., E, are called collectively exhaustive events. This is denoted as:
E/UE,U-.-UE, = S. However, the intersection of any two events need not be
null set.
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(@ (b)

© (d)

Fig. 2.2 Venn diagrams showing sample space, events (E, Ey, E), and their inter-relationships:
a The events E| and E, are mutually exclusive; b the hatched area is complement of event E; ¢ the
shaded area is intersection of events E| and E;; and d the shaded area is union of events E; and
E>

Mutually Exclusive and Collectively Exhaustive Events

When the entire sample space is partitioned by n different events in such a way that
intersection between any two of them is a null set and the union of all the events forms
the entire sample space, the events are known as mutually exclusive and collectively
exhaustive events. It is denoted as: E; U E, U---U E, = S where E; N E; = ¢ for
Vi # j. The Venn diagram is shown in Fig.2.3.

Fig. 2.3 Venn diagram
showing mutually exclusive
and collectively exhaustive
events
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In hydrology and hydroclimatology, the categorization of any variables into dif-
ferent groups is the example of mutually exclusive and collectively exhaustive events.
For example, daily rainfall depth (X in mm) can be grouped as X = Omm, O mm
< X <5mm, 5mm < X < 10mm, and X > 10mm. These events are mutually
exclusive and collectively exhaustive events.

2.2 Basic Concepts of Probability

In any random experiment, there is always uncertainty as to whether a specific event
will occur or not. The probability concept was proposed originally to explain the
uncertainty involved in the outcome of a random experiment. Probability is assigned
to the events, and this assignment of probability to events is the key for any proba-
bilistic assessment.

As a measurement of the chance or probability, with which an event can be
expected to occur, it is convenient to assign a number between 0 and 1. Accord-
ing to the classical definition, the probability of an event A, denoted as P (A), is
determined a priori without actual experimentation. It is given by the ratio

P4y = N4 2.1
(A) = N 2.1
where N is the number of possible outcomes and N4 is the number of outcomes that
are favorable to the event A.

The definition of probability in hydrology and hydroclimatology is more effec-
tively expressed in terms of relative frequencies. If a random event occurs a large
number of times N and the event A occurs in n of these occurrences, then the prob-
ability of the occurrence of the event A is:

P(A) = lim % 2.2)

2.2.1 The Axioms of Probability

Probability of any event A in a sample space S, denoted as P(A), is assigned in such
a way that it satisfies certain conditions. These conditions for assigning probability
are known as axioms of probability. There are three such axioms defined as follows.

Axiom 1: 0 < P(A) < 1 for each event A in S.
This states that the probabilities are real numbers in the interval from O to 1,
including the boundary, i.e., 0 and 1.
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Axiom 2: P (S) =1

This states that the sample space as a whole is assigned a probability of 1. Since
S contains all possible outcomes, one of these must always occur.

Axiom 3: If A and B are mutually exclusive events in S, then P (AU B) =
P (A)+ P (B)

This states that the probability functions must be additive, i.e., the probability of
union is the sum of the two probabilities when the two events have no outcome
in common. All conclusions drawn on probability theory are either directly or
indirectly related to these three axioms.

2.2.2 Some Elementary Properties on Probability

From the axioms of probability, some elementary property can be proved that are
important in further work.

Property 1: If Ey, E,, ..., E, are mutually exclusive events, then probability of
union of all these events is equal to summation of probability of individual events.
This is mathematically denoted as,

P(E{UE,U...UE)=P(E)+P(E)+...+P(E) (2.3

This is basically the extension of Axiom 3, considering any number of mutually
exclusive events. This is known as property of finite additivity.

Property 2: If an event E, belongs to another event E|, then probability of E»,
P (E,) will beless than or equal to probability of E|, P (E}). And the probability of
difference between these two events, P (E; — E,), will be equal to the difference
between probability of E; and E,, i.e., P (E;) and P (E3). In other words, if
E, € E, then P(E;) < P(E;) and P (E; — E;) = P(E;) — P (Ey). The
visualization is given in Venn diagram (Fig.2.4).

Fig. 2.4 Venn diagram
related to elementary S
Property 2
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Property 3: If any event E; is complementary to another event E,, then prob-
ability of E; can be determined using probability of E, from Axiom I. This is
mathematically denoted as, if E; = Ef then P (E;) =1 — P (Ey).

Property 4: If an event, E is the union of events Ey, E», ..., E,, where Eq,
E,, ..., E, are mutually exclusive, then probability of E is the summation of
probability of each of these events. This is mathematically denoted as,

P(E)=P(E)+PE)N+...+P(EY 2.4)

The visualization is given in Fig.2.3.

Property 5: For any two events, E; and E; that belong to sample space S, prob-
ability of E;, (P (E;)) can be determined as summation of probability of E;
intersection E; and the probability of E intersection the complement of E. It is
mathematically denoted as:

P(E\) =P (E\NEy)+ P(E NES) (2.5)

Property 6: If E| and E; are any two events in sample space, S, then probability
of union of E; and E; can be determined by deducting the probability of inter-
section of E| and E, from the summation of their individual probabilities. It is
mathematically denoted as:

P(E\UEy) =P (E\)+ P(Ey) — P(E\NEy) (2.6)
The visualization is shown in Fig.2.2d. This property can be proved using axioms

and other properties. From Fig.2.2d, considering the different parts of the shaded
areas,

P(E1UEy)=P(E1NEy)+ P (EINES)+ P (E{NEy)
=[P(EINEy) +P(EINES)|+[P(EiNEy)+ P (E{NEy)]—P(E|NEy)
=P(E))+ P(Ey)— P(EINEp) 2.7)

Extending this property, if E|, E,, and E3 are any three events,

P(EyUE,UE3) =P (E))+ P (Ey)+ P (E3) — P(E;NE))— P (E;NE3)
—P(EsNE)+P(EiNEyNE3) (2.8)

This can be visualized graphically in Fig.2.5.
Property 7: For mutually exclusive and collectively exhaustive events, Ej,

E,, ..., E, in the sample space S, the probability of another event E is equal
to the sum of probabilities of intersections between E and each of the event
E\, E,, ..., E,. Itis mathematically expressed as,

P(E)=P((ENE)+PENE)+...+P(ENE,) (2.9)
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Fig. 2.5 Venn diagram
related to Property 6 for
three events

Fig. 2.6 Venn diagram
related to elementary
Property 7

The visualization is presented in Fig.2.6.

Example 2.2.1

A field is irrigated using the supply from either of canal water or groundwater or
rainfall. At any given time, the probability of failure due to inadequate supply of
water from at least one of these sources is 0.4. Assuming that the probability of
failure of canal supply, groundwater, and rainfall individually are 0.2, 0.05, and 0.25,
respectively, information on their simultaneous failures is as follows:

(a) Probability of simultaneous failure of canal supply and groundwater is 0.1.
(b) Probability of simultaneous failure of groundwater and rainfall is 0.01.
(c) Probability of simultaneous failure of canal supply and rainfall is 0.3.

What is the probability of simultaneous failure of all the sources?

Solution Let us denote,

E| = Failure of canal supply;
E, = Failure of groundwater source;
E5 = Failure of rainfall source (no rainfall occurs).
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Thus,
P(E)=0.2
P (E;) =0.05
P (E;) =0.25

P(E,NEy) =0.1
P (E,N E3) = 0.01
P(E,NE;) =03
P(E/UE,UE;) =04

Thus, from Property 6,

P(E|UEyUE3) =P (E|)+ P (E)) + P (E3) — P (E; N Ey) — P (E; N E3)
— P(EsNE) +P(E NE,NE;3)
= 0.4 =02+0.05+0.25—0.1 —0.01 — 0.3+ P (E; N E; N E3)
or, P (E, N E» N E3) =031

Thus, the probability of failure of all the sources is 0.31.

2.3 Conditional Probability Theorem

If A and B are two events in a sample space S, and P (B) # 0, the conditional prob-
ability of B given that A has already occurred is obtained as the ratio of probability
of intersection of A and B, and probability of A. It is mathematically expressed as,

P(ANB
P(B/A) = ﬁ (2.10)

For any three events E|, E,, and E3, the probability that all of them occur is the same
as the probability of E; times probability of E, given that E; has occurred times
the probability of E5 given that both E; and E; have occurred. It is mathematically
expressed as,

P(E\NE;NE3) =P (E)P(E:/E\) P(E3/E\NE>) (2.11)

This theorem can be generalized for any n number of events E1, E, ..., E,.
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Example 2.3.1

Daily rainfall records are obtained from two rain gauge stations A and B, located
150km apart. The probability of occurrence of wet day (rainfall > 2.5 mm/day) at
each station is 0.1. However, the probability of occurrence of wet day at one station,
given that the other station experience wet day is 0.80. What is the probability of
occurrence of wet day either at station A or B?

Solution Let the event A denote the wet day at station A and the event B denote wet
day at station B. The probability of occurrence of wet day at either station A or B is
the union of the events A and B. Using property 6,

P(AUB) = P(A)+ P(B)— P(ANB)
= P(A)+ P(B) — P(A)P (B/A)
=0.140.1-0.1x0.8
=0.12

Example 2.3.2

The probabilities that the rain gauge instruments at stations A and B will function
uninterruptedly for 20 months are 0.8 and 0.9, respectively. Proper functioning of
the rain gauge instruments is independent. Find the probability that in 20 months (a)
both, (b) neither (c) at least one, will be in function.

Solution Considering A and B are the events that the rain gauges instruments func-
tion uninterruptedly for 20 months at stations A and B, respectively.
Thus, P(A) = 0.8 and P(B) = 0.9. Since the events A and B are independent,

(a) P(both will be in function)= P(AN B) = P(A)P(B) = 0.8 x 0.9 = 0.72.

(b) P(neither will be in function) = P(A“ N B) = P(A)P(B) = (1 —0.8) x
(1-0.9) =0.02.

(c) P(atleast one will be in function) = 1 — P(neither will be in function) = 0.98.

Example 2.3.3

The probability of occurrence of rainfall on a particular day in monsoon is 0.4. The
probability of occurrence of rainfall on two consecutive days is 0.1. What is the
probability of occurrence of rainfall on 26th July given that the rainfall occurred on
25th July?

Solution Let X and Y be the event of occurrence of rainfall on 25th and 26th July,

respectively. P(XXNY) 0.1
PO = "5 = 5a =0

Hence, probability of rainfall on 26th July given that rainfall occurs on 25th July is
0.25.
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Example 2.3.4

An embankment may fail either due to releasing the excess water from the upstream
reservoir or due to the heavy rainfall or due to their simultaneous occurrences. The
probability of failure due to excess water release from upstream reservoir is 0.01, and
the same due to heavy rainfall is 0.08. However, probability of failure of embank-
ment due to excess release during heavy rainfall is quite high and estimated as 0.5.
Determine

(a) The probability of failure of the embankment.
(b) The probability that the failure due to heavy rainfall only (no excess release from
upstream reservoir).

Solution Let E and R represent the events of failure due to excess water release
from upstream reservoir and due to heavy rainfall, respectively.

P(E)=0.01, P(R)=0.08and P (E/R) =0.5
(a) Probability of failure of the embankment is given as,

P(F)=P(EUR)=P(E)+ P(R)— P(ENR)
= P(E)+ P(R)— P (E/R) P(R)
=0.01 +0.08 — 0.5 x 0.08
=0.05

(b) The probability that the failure due to heavy rainfall only (no excess release from
upstream reservoir) is given as,

P(RNE‘)= P(E°/R)P(R)
=[1— P(E/R)P(R)
= (1 —0.5) x (0.08)
=0.04

Example 2.3.5

There are several industries located on the bank of a river. It is observed that the
wastes from those industries are mixing in the river without proper treatment. The
water samples are collected every day from two different sections 1 and 2 on the
river to check the pollution level. Let X denotes the event that pollution is detected
at section 1 and Y denotes the same for section 2. Following information is obtained
from laboratory test: P(X) = 0.158, P(Y) = 0.25 and the probability that at least
one section is polluted on any given day is 0.27. Determine the probability that

(a) Section 1 is polluted given that section 2 is already found polluted.
(b) Section 2 is polluted given that section 1 is already found polluted.
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Solution First, the probability of both the reaches are polluted is to be computed

P(XUY)=PX)+P¥)—P(XNY)
= P(XNY)=PX)+P¥)—PXUY)
=0.158 4+ 0.25 — 0.27
=0.138

(a) Probability of reach 1 is polluted given that reach 2 is already found polluted is

P(XNY) 0.138
P(Y) ~ 025

P(X/Y) = =0.552

(b) Probability of reach 2 is polluted given that reach 1 is already found polluted is

P(XNY) 0.138

= =0.873
P(X) 0.158

P(Y/X) =

2.4 Total Probability Theorem and Bayes’ Rule

Let Ey, E,, ..., E, represent a set of mutually exclusive and collectively exhaustive
events as shown in Fig.2.3. Also, consider another event A that belongs to the same
sample space. The probability of occurrence of the event A depends on the events
(E;) that have already occurred. Probability of the event A can be evaluated using
the Property 7 as follows:

P(A)=PANE)+P(ANE)+...+ P(ANE,) (2.12)

Next, using the conditional probability theorem (Eq.2.10):

_P(ANE)
P(A/E) = W (2.13)

= P(ANE)=P(E;)P(A/E) (2.14)
Now, P(A) can be evaluated as (from Eqs.2.12 and 2.14)

P(A) = P(E\)P(A/E\) + P(E))P (A/Ey) +---+ P(E,)P (A/E,)

= P(A)=) P(E)P(A/E) (2.15)

i=1

This is known as the Theorem of Total Probability.
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Bayes’ Rule: Next, if we are interested to know the probability of occurrence
of any particular event E;, given that event A has occurred, conditional probability
theorem (Eq. 2.10) can be used to evaluate the same as follows,
P(ANE)=P(E,NA) = P(E)P(A/E)=P (A P(E]A)

Therefore, the desired probability is,

P(E)P(A/E))

P(E;/A) = 2.16
Utilizing the total probability theorem from the expression P (A) = P (E))
i=1
P (A/E;), it can be written as,
P(E)P(A/E;
P(E/A) = (E) P(A/E) (2.17)

éP(E,»)P (A/E;)

This is known as the Bayes’ rule.
n
The denominator on the r.A.s.,i.e., Y P (E;) P (A/E,-), is a constant term. Thus,
i=1

using proportionality,
P(Ei/A) x P (E;)P(A/E;)

In this expression, the term P (E;) is the probability of occurrence of E;, without
knowing any other information. This term is referred as prior. Next, knowing that
event A has occurred, probability of occurrence of E;, i.e., P (E,- / A), is updated.
Thus, this term is referred as posterior. The probability of occurrence of the event A,
given that E; has occurred, is generally evaluated/estimated from historical record-
s/experience. This term, P (A / E;) is, referred as likelihood. Using these terms, the
Bayes’ rule is often expressed as,

Posterior o« Prior x Likelihood

Example 2.4.1

Municipality of a city uses 70% of its required water from a nearby river and remain-
ing from the groundwater. There could be various reasons of not getting the required
supply from either sources including pump failure, non-availability of sufficient
water. If probability of shortage of water from river is 0.3 and that from groundwater
is 0.15, what is the probability of insufficient supply of water to the city?
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Solution Let us first denote the events mentioned in the example,

Event A: insufficient supply of water to the city;
Event R: sufficient supply of water from the river;
Event G: sufficient supply of water from groundwater.

Thus, we get P(R) = 0.7, P(G) = 0.3, P(A/R) = 0.3, P(A/G) = 0.15
Using Theorem of Total Probability,

P(A)=PR)xP(A/R)+P(G)xP(A/G)=0.7x03+0.3x0.15=0.255

Example 2.4.2

A series of rainfall record is assimilated from the measurements obtained from three
different instruments. 30% measurements are taken by instrument A that yields one
missing data out of 200 on an average, 45% measurements are taken by instrument
B that yields one missing data out of 150 on an average and rest by instrument C
that yields one missing data out of 100 on an average. One measurement is found
to yield a missing data, what is the probability that the measurement was taken by
instrument A.

Solution The probability that the measurement was made by instrument A on condi-
tion that the measurement is wrong can be calculated using Bayes’ theorem. Let X,
X5, and X3 represent the events that the measurement was made by instrument A, B,
and C, respectively. Let Y represents the event that the measurement was missing.

P(Y/X)P (X))
Y3 P(Y/X)P(X))

P(X,/Y) =

POXY) — (1/200) x 0.3 —oal4
1Y) = (1/200) x 0.3 + (1/150) x 0.45 + (1/100) x 0.25

The probability that the measurement was made by instrument A given that the
measurement is wrong is 0.214.

Example 2.4.3

A series of soil moisture data is prepared by collecting samples from two different
sources. Though the sources are random for any month, a total of 600 samples are
obtained from source-A that contains 3% erroneous data and a total of 400 samples
are obtained from source-B that contains 1% erroneous data.

(a) What is the probability that the data for a month selected at random is obtained
from source-A?

(b) What is the overall percentage of erroneous data?

(c) An erroneous data is selected at random, what is the probability that it is from
source-A?
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Solution Let us denote the following events:

A: data obtained from source-A;
B: data obtained from source-B;
E: selected data is erroneous.

(a) Thus, the probability of data obtained from source-A, i.e., P(A) is given by,

600

P(A) = 600+ a00) = 2°

(b) The erroneous data may come from either source-A or source-B. Therefore, we
need to apply the total probability theorem to calculate the probability of event
E; i.e., the selected value is erroneous:

P(E)= P(E/A)P(A)+ P(E/B)P(B)
=0.03 x 0.6 +0.01 x 0.4
=0.022

(c) If the sample data selected at random is erroneous, probability that it comes
from source-A is not 0.6 as in case of solution (a), it is because of the change
of sample space. Instead of entire data, the new sample space consists of only
erroneous data. Thus, using Bayes’ rule,

P (E/A) P (A) B 0.03 x 0.6
(E/A)P(A)+P(E/B)P(B) 0.03 x0.6+0.01 x 0.4

P(AJE) = - =0.818

Example 2.4.4

The flood damages at a location are caused mainly due to poor management of differ-
ent measures. These measures can be classified into two major groups—structural
and non-structural measures. The Flood Management Authority (FMA) analyzes
various issues involved and found that the possibility of improving the structural
and non-structural measures to prevent flood are 70 and 55%, respectively, consider-
ing various socioeconomic factors. If only one of these two measures is successfully
implemented, the probability of preventing the flood damages is 80%. Assuming that
flood damages caused by poor management of structural and non-structural measures
are independent,

(a) What is the probability of preventing the flood damages?

(b) If the flood damages are not prevented, what is the probability that it is entirely
caused by the failure due to poor management of non-structural measures?

(c) If the flood damages are not prevented, what is probability that it is caused by
the failure due to poor management of non-structural measures?
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Solution Let us define the events as follows:

A: prevention of flood damages due to improvement of structural measures;
B: prevention of flood damages due to improvement of non-structural measures;
E: prevention of the flood damages.

Since the events A and B are independent, we have,

P(AB) = 0.70 x 0.55 = 0.385
P(A°B) = 0.30 x 0.55 = 0.165
P(AB°) = 0.70 x 0.45 = 0.315

P(A°B) = 0.30 x 0.45 = 0.135

It is also known that if only one of the two measures is successfully implemented,
the probability of reducing the flood damages is 80%. Thus,

P(E/A°B)=08and P (E/AB) =0.8

It is also implied that prevention of flood damages due to improvement of both
structural and non-structural measures is certain and that due to no improve-
ment either structural or non-structural measures is 0, i.e., P (E / AB) = 1 and
P (E/A°B) =0.

(a) Thus, using the total probability theorem, the probability of prevention of the
flood damages is

P(E)= P (E/AB)P(AB)+ P (E/A°B) P(A°B) + P (E /AB) P(AB®)
+ P (E/A°B) P(A°B°)
=1x0.385+0.8 x 0.165+ 0.8 x 0.315 + 0 x 0.135
=0.769

(b) Next, if the flood damages are not prevented, i.e., E¢, the probability that it is
entirely caused by the failure due to poor management of non-structural mea-
sures, i.e., AB¢

P (E°/AB) P(AB°)  (1—0.8) x 0315

P(ABT/E) = P(E) T (1-0.769)

=0.273

(c) In this question the word ‘entirely’ is not used. Thus, we need to calculate the
probability of P(B¢/E®).
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P(B°/E‘)=P(AB°UA°B[E°)
= P (AB°/E)+ P (A°B°/E¥)
P (E°/AB°) P(AB°) P (E°/A°B°) P(A°B°)

- P(EY) P(EY)
0.2x0315 1x0.135
= 1=0769) T (1-0769)

= 0.857

2.5 Univariate and Bivariate Probability Distribution
of Random Variables

As mentioned before, the random variable is a function on the sample space that
maps the outcomes of a random experiment to a real number. There are two types of
random variables, namely discrete random variable and continuous random variable.
In general, the probability distribution is expressed as a function of the random
variable showing the distribution of probability corresponding to all possible values
of random variable. All possible values of a random variable constitute the support of
the random variable. Generally, the term probability density function (pdf) is used
for continuous random variable, and probability mass function (pmf) is used for
discrete random variable.

The term univariate and bivariate signifies the number of random variables
involved in the distribution function. Univariate probability distributions deal with a
single random variable, and bivariate probability distributions deal with two random
variables. Similarly, distribution functions involving more than two random vari-
ables are called multivariate probability distribution. In the following section, we
will explain univariate and bivariate probability distribution for discrete and contin-
uous random variables.

2.5.1 Discrete Random Variable

As stated before, a discrete random variable can take only finite or countably infinite
distinct values. Examples may include number of rainy days in a month, number of
occurrences of an extreme event during monsoon season, etc.
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Fig. 2.7 Typical plot of a pmf and b CDF of a discrete random variable

Discrete Univariate Probability Distribution

Probability Mass Function (pmf): Let us consider X to be a discrete random
variable taking values in a set § = {xy, x2, ..., x,}. The probability mass function
(pmf) of X is py (e) satisfying,

@) px(x)) =0 Vux; €0
(i) > px(xi) =1

all i
A typical plot of a pmf is shown in Fig.2.7a, where filled circles indicate the prob-
ability masses concentrated at a point. The vertical lines as such do not indicate
anything except showing the position of the values on the x-axis.
Cumulative Distribution Function (CDF): The CDF (Fy(x;)) represents the prob-
ability that X is less than or equal to x;. This can be represented as,

Fe(x)=P(X <x;)= ZP(X = xj) Vxe{x,xa,...,x) (2.18)
j=1

A typical plot of CDF for the discrete random variable is shown in Fig.2.7b. It is
a non-decreasing, discontinuous, staircase-like functions with irregular rise. Filled
and open circles in this plot indicate inclusive and exclusive boundaries, respectively.
The jump at each x; indicates the value of py (x;) or the probability that X = x;.
This probability can be determined from the CDF as follows:

px (xi) = Fe (xi) — Fy(xi—1) (2.19)
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Example 2.5.1
Number of rainy days in the last week of December (traditionally a dry month) at a
location is found to follow the following distribution.

C forx=0

px (x) = % forx =1,2,...,7

0  elsewhere

Evaluate the value of C for py (x) to be a valid pmf and the probability of more than
two rainy days in the last week of December.

Solution Let us consider X to represent the number of rainy days in the last week
of December. The value of C can be evaluated as follows:

Do Pt =1

alli

Thereby,

=C=1-0477=0.523

Hence, the complete pmf is

0.523 forx =0
prx)=1%  forx=12...,7
0 elsewhere

The probability of more than two rainy days can be evaluated as,

PX>2)=1—P(X<2)
=1-[PX=0+P(X=1)+PX=2)]

e! e!
=1-—[0523+ —
[ Tty 2}

= 0.201

Thereby, the probability of more than two rainy days in the last week of December
is 0.201
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Discrete Bivariate Probability Distribution

Letus consider X and Y are two discrete random variables, and let py , (x, y) be their
joint probability mass function (pm ). For a valid joint pmf of two discrete random

variables X and Y, following conditions are to be fulfilled:

Pxy (x,y) >0 for all x and y

Z Z Py (x,y) =1 (2.20)

allx ally
If Fy,(x, y) be the corresponding cumulative probability distribution function, then

Foy(,3) =Y Y pey(xiy)  forall (x,y)st.x; <xandy <y (221)

Example 2.5.2
The joint pmf of two random variables X and Y is given by

kQ2x +5y) forx=1,2;y=1,2

x,y) = ;
Py (X, ¥) 0 otherwise

What is value of k to be a valid joint pmyf?

Solution From the properties of joint pmf,

Y poy=1

(x,y)€S

2 2
YooY po ) =YY k(x+5y)
allx ally x=1 y=1

1=k{Q2+5)+ Q2+ 10)+ 4 +5) + (4 + 10)}

1
Hence, k = —
42

2.5.2 Continuous Random Variable

As stated before, if the set of values a random variable can assume is a continuum, i.e.,
all possible values within a range of real numbers, is known as continuous random
variable. In hydrology and hydroclimatology, most of the variables are continuous
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e.g., streamflow, rainfall depth, evapotranspiration, temperature, wind speed, rela-
tive humidity, soil moisture. Support of these variables may be unbounded (e.g.,
temperature), bounded at one side (e.g., streamflow, rainfall depth), or both sides
(e.g., relative humidity, soil moisture).

Univariate Probability Distribution

In case of a continuous random variable, the probability density function (pdf) is
generally denoted by f, (x), where the subscript X denotes the random variable and
the variable x within the parentheses denotes a specific value of the random variable.
For any function to be a valid pdf, it has to satisfy two conditions as follows:

@ fx(x)=0 for all x
(i) /% fr () dx =1
It may be noted that, unlike pmf, fy (x) does not directly provide the value of prob-

ability, rather it is probability density. Integration over any range of x provides the
probability of X being within that range.

Cumulative Distribution Function (CDF)

The CDF (Fy (x)) represents the probability that X is less than or equal to a specific
value of x, i.e.,
Fy(x) =P (X <x)

The CDF is obtained from the pdf by integrating it from the left extreme of the
support to x. Thus, the expression of CDF, Fy (x) is obtained as:

Fy(x) = fx Jx (x)dx

To obtain pdf from CDF, the CDF has to be differentiated with respect to x as
follows:

d
T )= f () (2.22)
X

The probability that X lies between [a, b] is given by the following equation and
illustrated in Fig.2.8.

b
Pla=X=b)= / fx (x)dx = Fy (b) — Fy (a) (2.23)

Note:

(1) In general, for continuous random variables, probability that the random variable
takes a specific value is zero, i.e., P (X =d) = f; fx (x)dx = 0. Thereby,
P (X <x) = P (X < x). This is not valid for discrete random variables.
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Fig. 2.8 Typical pdf for a
continuous random variable
(X) showing the probability
of X lies between [a, b]
(shaded area)
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Total Area=1

Sy (0

F(b)

(ii)) Aforementioned point is also not valid for piecewise continuous distribution

or mixed distribution. Without violating the requirements of a valid pdf, it is
possible that P (X = d) is not zero. The CDF of such distribution can be defined
as follows:

Fi(x) forX <d

Fy =
x) F,(x) forX>d

(2.24)

where F> (d) > Fi(d), Fi (—00) = 0, F> (00) = 1, and F; (x) and F, (x) are
non-decreasing functions of X. For this situation, the P (X = d) is equal to the
magnitude of the jump AF at X = d oris equal to F, (d) — F;(d). Zero inflated
daily rainfall values can be an example of such case where P (X = 0) is not
zero, and for the range X > 0, it is continuous. This situation will be dealt in
Chap. 4.

Relative frequency and CDF

Let us consider fy (x) to be the probability density function of X. The probability
that X lies between X = a and X = b is given by:

b
Pla=X=b)= / fx()dx = Fy (b) — Fx (a) (2.25)

If there are N data available, the expected number of data to fall in the interval
[a, b] would be

nap = N [Fy (b) — Fy (a)] (2.26)

Thereby, the expected relative frequency of outcomes in the interval [a, b] is

fab =nap /N = Fy (b) — Fy (a) (2.27)
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In general, if x; represents the midpoint of an interval of X given by x; — Ax; / 2 to
xi + Ax; / 2 then the expected relative frequency of the data is given by

fri = Fy (xi + Ax; [2) = Fy (xi — Ax; /2) (2.28)

This equation represents the area under fy(x) between x; — Ax; / 2 and x; + Ax; / 2,
and it can be approximately written as,

Sfei = Axi fr (xp) (2.29)

Example 2.5.3

The annual maximum discharge at a gauging station follows the following distribu-
tion.

% x> 1

fx(x) = {

0 elsewhere

Evaluate the following,

(a) What is the probability of annual maximum discharge greater than 5 units?
(b) What is the probability of annual maximum discharge between 2 and 10 units?

Solution (a) The probability of annual maximum discharge greater than 5 units can
be evaluated as follows,

31 1
1 X 5

The probability of annual maximum discharge greater than 5 units is 0.2.
(b) The probability of annual maximum discharge between 2 and 10 units can be
evaluated as follows,

P2 <X <10) = F,(10) — Fy(2)
10 1 2 1
Z‘/l‘ pd.x — | ;dx
=09-0.5
=04

The probability of annual maximum discharge between 2 and 10 units is 0.4
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Continuous Bivariate Probability Distribution

Letus consider X and Y to be continuous random variables with joint pdf, f , (x, y).
For a valid joint pdf, the following conditions are to be fulfilled:

Ser(x,y) >0 V x and y (2.30a)
+00  p+o00
f fx,y (xa y) dXdy =1 (230b)

The corresponding cumulative probability distribution function is expressed as:
Xy
Fey(x,y)=P(X =1, YSy)=/ / Jer (t,8)dsdt
—00 J —00

The pdf [ fx.» (x, y)] and the CDF [ Fy , (x, y)] are related as follows:

2

0
fx.y(x,)’)=ax—anyAy(x,)’) (231)

Some of the properties of continuous bivariate cumulative distribution are:

(i) Fyx.y (x, 00) is the cumulative marginal probability function of X.
(i1) Fy.y (00, y) is the cumulative marginal probability function of Y.
(iii) Fyy (00, 00) =1
(iv) Fyy(—=00,y) = Fyy(x,—00) =0

Example 2.5.4
A storm event occurring at a point in space is characterized by two variables, namely
the duration X of the storm and the depth of rainfall Y. The variables X and Y follow
following distribution, respectively:

Fr(x)y=1—¢7"* x>0

F)=1-e? y=0

The joint CDF of X and Y is assumed to follow the bivariate distribution given as:
Foy (@) =1—e¢™ —e™ 477270 x,y=z0

Find out the cumulative marginal probability function of X and Y. Also, find out the
joint pdf of X and Y.

Solution From the properties of continuous bivariate cumulative distribution, we
know,
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Marginal CDF of X,

Fy(x) = Fyy (x, 00)
FX(X) — 1 _ efx _ 67200 +e*X72OO*XOO X Z O

P =1-e” x>0
Similarly, Marginal CDF of Y,
F,(y) = Fy, (00, )
FY(y) =1- e_oo — 6_2)' + e—oo—Zy—ooy y > 0
FY(Y)Zl—e_Zy y>0

We know,  fx, (x, y):%vay(x,y)
Differentiating the joint CDF w.r.t x, we get
6F 5 (1 — e_x — e_2y + e—x—zy—xy)

— —e* —(1 —x—2y—xy
0x 0x ¢ I+ e

Again differentiating the above equation w.r.t y
82F o (efx _ (1 + y) efx72y7xy)

axdy By
=[1+y)2+x)—1]e 2™

Ser (x,y) =

Hence, joint pdf of X and Y is

For ) =[1+y)2+x) = 1]e ™2™ x,y>0

2.6 Marginal and Conditional Probability Distribution

Marginal and conditional probability distributions are discussed in the context of
multivariate distributions. It is a very useful concept to be used in hydrologic and
hydroclimatic prediction and simulation since many variables are associated with
each other. The concept of these distributions will be discussed in the context of
bivariate distribution (two random variables) and will be extended for the multivariate
cases with more than two random variables.
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2.6.1 Marginal Probability Distribution

Discrete Random Variables

Let us consider X and Y to be two discrete random variables with their joint pmf as
Px.y (x,y) . Thus, the joint distribution with py , (xi, yj) =P (X =x;,Y = yj) for
i=1,2,...,mand j = 1,2,...,n appears as a m X n two-dimensional table of
probability values corresponding to a pair of X and Y values (Table2.1).

The marginal distribution is the distribution of one of the two random variables,
i.e., either X or Y, irrespective of the distribution of the other variable. Thus, the
marginal probability of X is obtained by summing up the probability values for
all possible values of Y. In other words, the random variable is marginalized out.
Mathematically, it is obtained as:

n

px(xi)zsz.y(xi’yk) fori =1,2,...,m
k=1

Similarly, the marginal distribution of Y is obtained as:

py(yj)zzlyxvy(xk,yj) forj=1,2,...,n
k=1

The corresponding cumulative marginal distributions are:

Fy(x) = pr (x;) = Z pr,Y(xi’ yj)

Xi =X xi=x all y;
F») =Y p(3)=2_Y pur(x.))
YiZy yi<yallx;

Continuous Random Variables

Let us consider X and Y to be two continuous random variables with their joint
pdf as fyy (x,y). Following the similar concept, the marginal distribution of X can
be obtained by marginalizing Y out. Mathematically, Y is integrated out to get the
marginal distribution of X from the joint pdf fy , (x, y). Thus,

fx (x):/ Jer (x,y)dy (2.32)

Similarly, marginal distribution of Y is expressed as:

fr () =/ S (x, y)dx (2.33)



33

2.6 Marginal and Conditional Probability Distribution
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The corresponding cumulative marginal distributions are:

Fx(x):/ fX(x)d)C:/ [/ fx.y(xvy)dy]dx

y y e8]
F, (y) :[ fr ) dy :/ |:[ fX.Y(xs)’)dx] dy

Example 2.6.1

Let X denotes the number of rainy days at station A and Y denotes the number of
rainy days at station B. The joint pmf of X and Y is given as follows. Find out the
marginal distribution of X and Y.

(2.34)

Random Y

Variables 0 2 5 7
0 36/120 18/120 12/120 1/120

X 2 18/120 4/120 9/120 0
5 12/120  9/120 0 0
7 1/120 0 0 0

Solution The marginal pmf of X can be evaluated using equations shown in
Table?2.1.

PX=x)=) P(X=x.Y=y))

all j
px (0) =1%
px(2) =%
px(5) 212710
px () =$

The marginal pmf of Y is as follows,

P(Y=y)=Y P(X=x.Y=y)

alli

67

0) =—
Py (0) 120
31

Py (2) =—=

120
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)
Pri>) =10

(ﬂ—l
Pri =T

Example 2.6.2

Streamflows at two gauging stations on two nearby tributaries are categorized into
four different states, i.e., 1, 2, 3, and 4. These categories are represented by two
random variables X and Y, respectively, for two tributaries. Joint pmf of streamflow
categories (X and Y) are shown in the following table. Calculate the probability of
X>7Y.

Random Y

Variables 1 2 3 4
1 0310 0.060 0.000 0.000
2 0.040 0.360 0.010 0.000

X 3 0.010 0.025 0.114 0.030
4 0.010 0.001 0.010 0.020

Solution Let P(A) represent the probability of the event X > Y. This will include
the set {2, 1}, {3, 2}, {3, 1}, {4, 3}, {4, 2} and {4, 1}.

Thus, probabilities of these sets should be added up to obtain the required proba-
bility.

Thus, the probability is given by:

P(A)=P[X > Y]

= > pu@y

all possible x>y
=pxy QD)+ pey 3, 2) + puy G D)+ pry (4,3) + py (4,2) + pry (4, 1)
= 0.040 + 0.025 + 0.010 4+ 0.010 + 0.001 + 0.010
= 0.096

Example 2.6.3
The joint pdf of two random variables X and Y is given by

2 0=x=<liy=<x
fX.Y(-x7 y) =

0 otherwise

Determine their marginal pdfs.



36 2 Basic Concepts of Probability and Statistics

Solution The marginal pdf's are given by
o0 X
fx(x)zf f“(x,y)dy=2/ dy = 2x for0<x <1
—00 0
0 1
fy(y)Z/ fx.y(x,y)dx:Z/ dx =2(1—-y) for0<y=1
o y

Example 2.6.4
Two random variables X and Y have joint distribution as follows

k(x+y) O<x<2and0<y<4

0 otherwise

fx.y (x,y) = {

Find out the value of k and marginal pdf's for X and Y.

4 2
//k(x—i—y)dxdy:l
o Jo
2 2

4 X
f [k— +kyxi| dy =1
0 2 0

4
f [2k +2yk]dy = 1
0

[2ky +ky*], = 1
8k + 16k = 1

Solution We know that

Thus, we obtain k = ﬁ
The marginal distribution of X is given by

» 14
0 4 P
x+y Xy + 5 x+2
X = x, v (X, dy = ——dy = = 0 2
fu@) /_oof. (eydy = | =p=dy { 2 ; <x<
0

The marginal distribution of Y is given by

2
2
00 2 X
x+y 5 +yx 1+y
Y = vy (X, y)dx = ——dx = = 0 4
S ﬁw.f,(xy)x ./o o ax { 24} 0 <y<
0

Example 2.6.5

A storm event occurring at a point in space is characterized by two variables, namely
the duration X of the storm and the depth of rainfall Y, as illustrated in Example 2.5.4.

Determine the marginal pdf and CDF of X and Y.
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Solution From Example2.5.4, we know the joint bivariate pdf of X and Y is as
follows:

frr @) = [ +cy) 2+ ex) —cleT™ 727w x,y=0
Hence, the marginal pdf of storm duration X is:
o0
fx(x)Z/ fx,y(xvy)dy
—0Q
o0
= [ 1@y - nery
0

[e ] [e ]
= / [(1+3) @ +x)]e 2 dy — / eIy
0 0

Cx—2y—xy]o©
[ 4y e,
—e " forx >0

So, the marginal CDF of storm duration X is:

Fy(x) = /X fx (x)dx

= /X e " (x)dx
0

X

=1—e" forx >0

(Result matches with Example 2.5.4)
Similarly, the marginal pdf of rainfall depth Y is
oo
fy(y)zf fx,y(X,y)dX
ooy
= / [(A4+y)2+x)—1]e "2 Vdx
0

o oo
= / [(1 + )’) (2 + X)] e_X_Zy_Xydx — / e—X—Z}'—X}'dx
0 0

—[~Q+x) e
=2e % fory >0

So, the marginal CDF of rainfall depth Y is:
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Fy () = / £ ) dy

y
= [ 2 oy
0

2y

=1—e" forx >0

(Result matches with Example 2.5.4)

2.6.2 Conditional Distribution Function

It may be recalled that marginal distribution of a random variable completely
marginalizes out the other variable. However, conditional probability distribution
of a random variable is the probability distribution of one variable (say X) for a
specific value/range of other variable (say Y). For example, the distribution of X
given Y = yy, the distribution of ¥ given x; < X < x; and so on.

Let us also recall the conditional probability of event A, conditioned on event B

expressed as Eq.2.10,

P(ANB
P(A/B) = ﬁ (2.35)

This theorem can be utilized to obtain the conditional distribution function of the
random variables.

Discrete Random Variable

If X and Y are two discrete random variables and we have the events (X = x) and
(Y = y), then using the conditional probability theorem the conditional probability
of Y given X under the said conditions can be expressed as:

P(X=xY=
P(Y=y/X=x)= (P(Xx:x) Y) (2.36)

where P (X = x,Y = y) is the joint pmf of X and ¥, ie., f;, (X =x,Y =y) =
fxy(x,y) and P (X = x) is the marginal probability distribution of X, i.e.,
px (X =x) = py(x). Thereby, using joint pmf and marginal probability distri-
bution, the conditional distribution function of ¥ given X can be written as,

Pon (v/x) = % (237)

Similarly, the conditional distribution function of X given Y can be expressed as,
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Py (x)y) = px;y(—(xy’)y) (2.38)

Extending this concept, the condition may be over a range of values, such as X € R
(R may contain multiple values of X). In such cases, the expression of the conditional
distribution function of Y given that X € R is expressed as,

Z Pxv (Xi, y)

Puix (y / Xe R) = % (2.39)

X;€R

Similarly, the expression of the conditional distribution function of X given that
Y € R is expressed as

2 per (6,3))

Par (x / Y e 1%) - }ERZW (2.40)

Vj€R

Continuous Random Variable

Concept of conditional distribution in case of continuous random variables remains
same as for discrete variables. If X and Y are two continuous random variables
with their joint pdf as fy, (x, ¥) and marginal distributions as fx (x) and f, (), the
conditional probability distribution of ¥ given X can be expressed as:

Sfev (X, )

2.41
S (x) ( )

fy/x ()’/x) =

In the above expression, the conditioning variable remains as an unspecified value (x)

in the conditional distribution function. Most often this is convenient if the conditional

distributions are required to derive for different values of conditioning variable.
Similarly, the conditional distribution function of X given ¥ can be expressed as,

Sy (x,y)

2.42
O (2:42)

faw x/y) =

When the conditioning variable belongs to a range R (say R € x1 < X < x),
the conditional distribution function of Y, conditioned on X € R, is expressed as
follows,

2 frr(x, y)dx
Fin (0/x1 <X <x) = L%‘W (2.43)
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Similarl}i, the e>ipression of the conditional distribution function of X, conditioned
onY € R(say R € y; <Y < y),is expressed as,

S for (e, y)dy

: 2.44
o frdy 24

fx/y (x/yl <Y< y2) =

Example 2.6.6
Utilizing the data given in Example 2.6.2, estimate the conditional probability of X
when Y > 2.

Solution The conditional probability of X when ¥ > 2 can be evaluated using the
conditional probability theorem as follows,

Z pXAY(x’ yl)
yizy
Pxiysy=P(X=x/Y>y)="—""=F—""—
e = PX =2V 29) = = s
yizy
Z DPx.y (X, yi)
yi=2
Pxjy=2= "
D S
yi=2

The marginal probability of ¥ > 2 (denominator of pyy . ,) can be evaluated using
the data given in Example 2.6.2 as,

> by (3i) = 0.446 +0.134 + 0.05 = 0.63

yi=2

The numerator of py . , can be evaluated for each x; (values taken up by the random
variable X) using the data provided in Example 2.6.2 as,

X I 2 3 4
S Pry (%, v)) 0.0600 03700 0.169 0.031

yi=2

Knowing the denominator and the numerator of pyy . ,, the probability of X given
Y > 2 can be evaluated for each x; is as follows,

X I 2 3 4
Py (x/y = 2) 00952 0.5873 0.2683 0.0492
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Example 2.6.7
Let X denotes the average rainfall intensity in a particular catchment and Y denotes
the peak discharge from the catchment. The joint pdf of X and Y is given as follows.

+E 0<x=<1,0<y=<2

0 elsewhere

Sar(x,y) =

(a) Find out the marginal distribution of X and Y.

(b) Find out the probability of peak discharge being greater than 1 unit.

(c) Find out the probability of peak discharge being greater than 1 unit, given that
average rainfall intensity is 0.5 units.

Solution (a) The marginal distribution of X can be evaluated as follows,
70 = [ ey

:/()z(xz—l—)%)dy

The marginal distribution of ¥ can be evaluated as follows,

£ = / Fx ydy

(b) The probability of peak discharge being greater than 1 unit can be evaluated
from the marginal distribution of Y, as follows,

PY>1)=1-Px <1l

1 1 y
[ G+s)e

5

12
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= 0.583

(c) The probability of peak discharge being greater than 1 unit, given that average
rainfall intensity is 0.5 units, can be evaluated using the conditional distribution
function. The conditional distribution function of ¥ given X can be expressed
as,

Srr (X))
fx (x)
. x2+%
g
3x% +xy
= 6xZ+2x

fy/x (y/x) =

for0<x<1,0<y<2

Thus, the conditional distribution function of Y given X = 0.5

2
Fraems 01X =09 = 2
_3x05°4+05xy
T 6x052+2x0.5
=03+0.2y for0<y<2

Thereby, the probability of peak discharge being greater than 1 unit, given that
average rainfall intensity is 0.5 unit, can be evaluated as,

1
PO=1/x=09 =1 [ fruw(/X=05)dy
0

1
=1 —/ (0.340.2y)dy
0

—1-[0.3y +0.1y%],
— 06

Note: It may be noted that when some information on average rainfall intensity is
available, the probability of peak discharge being greater than I unit is higher than
that without any information of the other variable. That is, we are more confident
about the peak discharge with some known value of average rainfall intensity (con-
ditional probability) that without any information (unconditional probability).
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2.7 Independence between Random Variables

Let X and Y be two discrete random variables. These are independent if and only if
their joint pmf, px , (x, ¥) can be expressed by multiplying the respective marginal
distributions as follows:

Pxy (%, 9) = px (x) X py () (2.45)

where py (x) and p, (y) are the marginal distribution of X and Y, respectively.
Similarly for continuous random variable, f, , (x, y) the joint pdf between them
are independent if and only if],

Jor (6, y) = fu ) X fy () (2.46)

where fy (x) and f, (y) are the marginal distribution of X and Y, respectively.

In other words, if two random variables are independent, their joint distribution
can be obtained by multiplying their respective marginal distributions. However,
if the associated random variables are dependent, it is often difficult to ascertain
their joint distribution. One possibility is to use copula theory, which is discussed in
Chap. 10.

Example 2.7.1
Use the data from Example 2.6.7 to check if X and Y are independent.

Solution X and Y are said to be independent if the given condition is fulfilled.

Fer (6, 9) = fi (X) fy (¥)

As evaluated in Example 2.6.7, the marginal distribution of X is
2
fr@) =26+ 5 0<x<1

and, the marginal distribution of Y is

fy (y) =

2, XY 2 2 1 y
il z 2 42
x+37/:<3x+x><3+6>

Thereby, we can conclude that X and Y are not independent.

+ 0<y<?2

W | =
A=

Thus,
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2.8 Functions of Random Variables

Sometimes functional relationship between two or more associated variables is
known. If the distribution of one variable is known, it is possible/convenient to
determine the distribution of other variable. The functional relationship could be of
logarithmic, nth root transformation, or simple algebraic functions. The distribution
of the transformed function is called derived distribution.

2.8.1 Univariate Random Variable

Let X be a random variable with CDF Fy(x) and y = g(x) then,

F,y)=PF =<y)
=P(@gx)=<y) (2.47)
=P (X eg ' ((—o0,yD)

Let X be a discrete random variable with pmf p,(x;) and y = g(x) then,

PY=y)=P(@kx)=y)

g(x)=y

Let X be a continuous random variable with CDF Fy(x) and y = g(x) then,

Case 1: Let g be an increasing function then,

F,F() =P =<y)=Pgkx) <y

B B (2.49)
=P(X<g'M)=F(s"' W)
So, the pdf of Y is as follows,
-1 d _

L =rfi(g™ ) 59 » (2.50)

Case 2: Let g be a decreasing function then,

F, =P <y)=P x) <

() Y =y (g(x) =) 2.51)

=P(Xzg'M)=1-F (')

So, the pdf of Y is as follows,
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d
L =—f(g"») Eg-l ) (2.52)
Howeyver, in this case diy gf1 () is negative. Thus,
d
L =rfilg™ ») ‘591 (y)‘ (2.53)

2.8.2 Bivariate Random Variables

Let us assume the joint pdf of X; and X» is fy, x,(x1, X2). Let us also consider that
Y and Z are the functions of X; and X»,

Y = Hi(Xy, Xp) and Z = H,(X4, X») (2.54)

The joint pdf of Y and Z, represented as f, ,(y, z), is expressed as,
9,2 = frx(y, DI (2.55)
where fy, v, (¥, 2) is the pdf of X| and X, represented in terms of y and z, i.e., x;

=G (y, z) and x, = G3(y, z), obtained from Eq.2.54. J is known as Jacobian and
expressed as,

0(G1,Gy) | B
_ (G, 2): dy Oz (2.56)

8(y.2) |20 96

dy 0z

Example 2.8.1
Let X follows a distribution shown below,

Ae™ x>0

0 elsewhere

fx (x):{

What will be the distribution of ¥ = e~ ?

Solution Given Y = ¢~ which can be written as,

1
x=—lny )

1

d 1 _ 1
@(9 ) =
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1
fr ) =Xy By =1

1 0<y<l1
0 elsewhere

fr ()= I
Example 2.8.2
Two streams A and B meet at a point C. The streamflow for stream-A (X) and
stream-B (Y) follows the given distributions. What is the distribution of streamflow
for stream C given by U = X + Y. Consider streamflow for stream A and B to be
independent.

e x>0
Fx () = {0 elsewhere
e’ y>0
Foy = {0 elsewhere

Solution Given that streamflow for stream A and B are independent thereby,

For (0, 9) = fi @) fy (v) = e OHY

Given U = X +Y and we can assume another function V = X as per convenience. In
order to find out the distribution of U first we evaluate the joint pdf of U and V. Then
we evaluate the marginal distribution of U. We can write X = VandY =U — V.

gx Ox
|J|_3(X,y)_‘au dv'z'o 1

= = =1
0 (u,v) 1—1‘

9y Oy
ou Ov

Thereby,

—Uu

O<v<u<o

9@, v) = foy () [J] = !e

0 elsewhere

The distribution of U is as follows,

fU(u)=/ e‘”dv:{ue u>0
0

0 elsewhere
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2.9 MATLAB Examples

MATLAB (abbreviation for MATrix LABoratory) is a popular mathematical tool
used for statistical analysis. A brief introduction to the concepts related to MATLAB
is presented here.

In MATLAB, the memory location where data is stored is called workspace.
Further, MATLAB GUI provides command window where commands can be issued.
The commands can be stored in text files also known as M-files (having extension
of “*.m’). These M-files are of two types:

(i) Script file: A script file is collection of instruction/commands which is executed
together. The script works on the data in the workspace and cannot have any
function definition; i.e., it neither accept any input argument nor return any
output. However, any predefined function can be called.

(ii) Function files: Function file on the other hand contains at least one function.
There can be multiple function definitions in single function file; however, only
the function having same name as file name of M-file can be called from any
external script file or MATLAB command window. Function files can accept
input argument(s) and return output(s). It should be noted that usually the func-
tions in MATLAB has a separate workspace. Hence, to use any data in main
workspace in function, it needs to be transferred to the function as input argu-
ment.

MATLAB provides many built-in functions and toolboxes that can be used for hydro-
climatological analysis. Toolbox is collection of functions for a particular purpose
or domain. Symbolic toolbox, Statistics and Machine Learning Toolbox, Wavelet
toolbox, Financial toolbox, etc., are some of the popular toolboxes available in MAT-
LAB. This section (and similar section in other chapter) mostly deals with sample
MATLAB script(s) for solving examples in the chapter. Sample function files are
presented in Sect. 8.8 of Chap. 8. Some of the commonly used functions/commands
in script presented in this book are ‘disp’, ‘fprintf’, and ‘diary’. The func-
tions ‘disp’ and ‘fprintf’ are used to display output in MATLAB command
window. The command ‘diary’ is used for saving the output in command window
to text file.

Example 2.6.7 can be solved using the sample script provided in Box 2.1. A brief
description of each command line is provided at the end of each line after % symbol.

Box 2.1 Sample MATLAB script for solving Example 2.6.7

clear all
cle

B oW o =

¢Inputs i.e definition of all the distribution
functions

5 | syms X vy

6 | joint_fun=(x"2)+(x*y)/3; % Given
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$Evaluation of marginal distribution of X and Y

marg_x=int (joint_fun,y,0,2); % marginal
distribution of X
marg_y=int (joint_fun,x,0,1); ¢ marginal

distribution of X

$Evaluation of probability of peak discharge (Y)
being greater than 1 unit.

prob_y_ll=int(marg_y,y,0,1); % probability oy Y
less than 1 %unit.

prob_y_gl=eval (1-prob_y_11) ;

% Evaluation of probability of peak discharge (Y)
greater $%$than 1 unit given

%average rainfall intensity (X) 1is 0.5 units.

cond_y_x=joint_fun/marg_x; %expression for
conditional $%probability of Y given X

xvalue=0.5;

cond_y_xvalue=subs (cond_y_x,xvalue) ;

prob_y_11_xvalue=eval (1-int (cond_y_xvalue,y,0,1));

% Output
disp ([ 'The probability of Y greater than 1 units is
" num2str (prob_y_gl) 1)
disp ([ 'The probability of Y greater than 1 units
given X is 0.5 is ' num2str (prob_y_11_xvalue)])

The output of the code mentioned in Box 2.1 is as follows:

The solution obtained using the MATLAB code is same as the conclusions drawn

The probability of Y greater than 1 unit is 0.58333.
The probability of Y greater than 1 unit given X is 0.5 is 0.6.

from the solution of Example2.6.7.

Exercise

2.1 Time length (in months) of uninterrupted functioning of soil moisture measuring
sensors until failure follows a distribution, 1 /7e‘x/ 7. The sensors are inspected at
every 2 months.

(a) Whatis the probability that the sensors need to be replaced at the first inspection?
(Ans 0.249)
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(b) What is the probability of proper functioning of the sensors till the second sched-
uled inspection? (Ans 0.564)

2.2 Monthly evaporation at a location is measured for last 10 years. Overall 5% data
is erroneous.

(a) What is the probability that none of the measurements are erroneous out of 10
randomly selected data? (Ans 0.586)

(b) What is the probability that there will be at least one erroneous data out of 10
randomly selected data? (Ans 0.414)

2.3 On an average, five flood events in every 2 years are recorded at a location due
to heavy rainfall. Number of occurrences of flood events in a year is found to follow
a distribution, A* ‘% where ) is the expected number of flood events in a year. What

is the probability of occurring not more than two flood events in a particular year at
that location? (Ans 0.543)

2.4 Droughts in a region are categorized as severe and moderate based on the last 60
years of record. The number of severe and moderate droughts are noted as 6 and 16,
respectively. The occurrence of each type of droughts is assumed to be statistically
independent and follows a distribution, X‘% where ) is the expected number of
droughts over a period.

(a) What is the probability that there will be exactly four droughts in the region over
the next decade? (Ans 0.193).

(b) Assuming that exactly one drought actually occurred in 2 years, what is the
probability that it will be a severe drought? (Ans 0.164).

(c) Assuming that exactly three droughts actually occurred in 5 years, what is the
probability that all will be moderate droughts? (Ans 0.104).

2.5 During summer season number of extremely hot days in a city follows a distri-
bution (pdf) shown in the Fig.2.9.

(a) Determine the value of ‘a’ as shown in the pdf. (Ans 0.08).
(b) Whatis the probability of more than 15 extremely hot days in a particular summer
season? (Ans 0.067).

Fig. 2.9 Probability density fr(x)
function for number of
floods in a year a

0 5 10 15 20 2(m)
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2.6 The annual maximum flood level (H) at a river gauging station is approximated
to follow a symmetrical triangular distribution over 5—7m. Values of the pdf at the
ends and at the midpoint are given in the following table;

s

Annual maximum flood level (H) in ‘m

5
Su(h) 0

(a) Determine the pdf and CDF of the flood level.
(b) Determine the maximum flood level that will be exceeded by a probability of
0.05. (Ans 6.68 m).

2.7 A random variable X follows the given distribution,

Cx’ 0<x<1

0 elsewhere

filx) =

Evaluate C such that f, ,(x, y) is a valid pdf. Find the probability that the proportion
of X is more than 75%. (Ans 6, 0.088)

2.8 The joint pdf of random variables X and Y is given as follows,
forGy) =62y 0<x<10s<y<l

Evaluate the marginal distributions of X and Y.

2.9 The joint pdf of random variables X and Y is given as follows,
fir(x, ) =4xy O0<x<1,0<y<]1

If random variable U = X2 and V = XY, then evaluate the joint pdf of U and V.
Also evaluate the marginal distribution of U and V.

2.10 The joint pmf of X and Y is given as follows. Find out the marginal distribution
of Xand Y,

Random Y

Variables -1 0 1
-1 0.00 0.25 0.00

X 0 025 0.00 0.25
1 0.00 0.25 0.00
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2.11 A random variable X follows the given distribution,

6x O<x<y<l1

fXAY(-xv y) =

0 elsewhere

Evaluate the marginal distributions of X and Y and the expressions for conditional
distribution of Y given X.



Chapter 3 ®)
Basic Statistical Properties of Data oo

This chapter starts with some basic exploratory statistical properties
from sample data. Concept of moment and expectation, and moment-
generating and characteristic functions are considered afterwards. Dif-
ferent methods for parameter estimation build the foundation for many
statistical inferences in the field of hydrology and hydroclimatology.

3.1 Descriptive Statistics

The probabilistic characteristics of random variables can be described completely if
the form of the distribution function is known and the associated parameters are spec-
ified. However, in the absence of knowledge of any parametric distribution, approx-
imate description about the population is assessed through sample statistics. These
are also known as descriptive statistics. Some of the most commonly used descrip-
tive statistics are central tendency, dispersion, skewness, and tailedness. Respective
population parameters are the properties of the underlying probability distribution
(Fig.3.1). Expressions for sample estimates and population parameters are presented
simultaneously to facilitate the readers.

3.1.1 Measures of Central Tendency

The measure of central tendency of a random variable can be expressed in terms of
three quantities, namely mean, median, and mode. The mean can be further expressed
in different forms as discussed in the following sections.
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Population estimates are computed
from underlined distribution

Sample estimates are computed from
data (z; wherei = 1,2,...,n)

N
S
[ | i e =

data

Sampling frequency /
underlying distribution (py(z) or fy(z))

Fig. 3.1 Frequency plot of a data set with the underlying distribution used to evaluate the sample
estimates (from the data) and population parameters (from the underlying distribution)

Arithmetic Mean

Arithmetic mean can be defined as the sum of the observations divided by sample
size. Let us consider a sample data set with n observations xy, xz, . .., x, forarandom
variable X. The sample estimate of the population mean (u) is the arithmetic average
x, calculated as

Dt i

n

Y:

3.1)

In case of grouped data, let us consider k as the number of groups, n as the total
number of observations, n; as the number of observations in the ith group, and x; as
the class mark of the ith group. Class mark is defined as midpoint of the group, i.e.,
mean of upper and lower bounds of group. For the grouped data, the X is given by

k
1
_:_E i1 3.2
X . Xin 3.2)

i=1

For population, considering p, (x;) as the underlying distribution (pmf) of a discrete
random variable X, the population mean p is expressed as

W= inpx (x;) (3.3)
iml

and considering f(x) as the underlying distribution (pdf) of a continuous random
variable X, the population mean  is expressed as
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p= / " xfy (@) da (3.4)

oo
Expressions for population mean are further discussed later with respect to the con-
cept of moment.
Geometric Mean
The geometric mean indicates the central tendency of a data set by using the product

of their values. The geometric mean can be defined as the nth root of the product of
n observations. The sample geometric mean, X, can be evaluated as

n 1/n
X, = (Hx,-) (3.5)
i=1

where the symbol [] implies multiplication. The geometric mean can also be
expressed as the exponential of the arithmetic mean of logarithms. Thereby, the log-
arithm of x; is equal to the arithmetic mean of the logarithms of the x;’s. Geometric
mean of the population is expressed as:

pic = antilog [ E (log X)] (3.6)

where E (o) stands for expectation, which is discussed later in Sect. 3.2.

Weighted Mean
The weighted mean is similar to an arithmetic mean except some data points con-
tribute more than others. The calculation of the arithmetic mean of grouped data

as explained before is an example of weighted means where n; / n is the weighted
factor. In general, the weighted mean is

(3.7)

where w; is the weight associated with the ith observation or group and k is the
number of observations or groups.

Median

The median is the value of the random variable at which the values on both sides
of it are equally probable. This can be particularly used if one desires to eliminate
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the effect of extreme values as mean is highly influenced by the extreme values.
The median of n observations can be defined as the value of (n + 1) / 2 numbered
observation (the observations are arranged in ascending order) in case n is odd and
average of two observations in position n / 2andn / 2 4 lincasen is an even number.
Thereby, we can say that sample median X,,, is the observation such that half of the
values lie on either side of x,,,4.

Considering X to be a discrete random variable, the population median y,,q = x4
where d is determined from

d
> pe(xi) =05 (3.8)
i=1

Considering X to be a continuous random variable, the population median y,,; would
be the value satisfying

Hmd
fo () dx =05 (3.9)

—0Q

Mode

The mode is the most probable or most frequently occurring value of a random
variable. It is the value of the random variable with the highest probability density
or the most frequently occurring value. A sample or a population may have none,
one, or more than one mode. Thus, the population mode, t,,,, would be a value of
X maximizing pmf or pdf.

Considering X to be a discrete random variable with pmf py(x), the mode is the
value of x; for which py(x;) is maximum, i.e.,

Hmo = arg max [py (x;)] (3.10)

Xi

Considering X to be a continuous random variable with pdf f,(x), the mode is the
value of X that satisfies the following equation

dfy(x) -0 and dzfx(x)

0 3.11
dx dx? = ( )

3.1.2 Measure of Dispersion

The dispersion of a random variable corresponds to how closely the values of a
random variable are clustered or how widely it is spread around the central value.
Figure 3.2 shows two random variables, X and Y, with same mean but dispersion of
Y is more than X.
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Fig. 3.2 Random variables
X and Y with same mean but
different dispersion fif(x)
2 Jyy)
>
~
S
2
o
xory
Range

The range of a sample is the difference between the maximum and the minimum
values in the sample. The minimum and the maximum values also convey information
about the variability present in data. The range has the disadvantage of not reflecting
the frequency or magnitude of values that deviate either positively or negatively from
the mean since only the largest and smallest values are used in its determination.
Occasionally, the relative range is used which is the range divided by the mean.

Variance

Variance (S?) is a measure of the dispersion of a random variable taking the mean as
the central value. For a sample of size n, the variance is the average squared deviation
from the sample mean.

Considering X as a random variable and a sample xi, x,, ..., x,, with sample
mean x, the differences x; — X, xo — X, ..., x, — x are called the deviations from
the mean. The sample estimate of variance can be defined as the average of the
squared deviations from the mean. The sample estimate of population variance o is
denoted by S? and is given as

Z?:l (x; — 7)2

n—1

§? = (3.12)
The reason for dividing by n — 1 instead of n is to make the estimator unbiased.
Unbiasedness is one of the four properties that an estimator should possess. These
properties are explained later in Sect. 3.6. For the time being, readers may note that
one degree of freedom is lost while estimating the sample mean (x) from the data.
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For the grouped data with x1, x5, ..., x; as the class mark, the variance can be
estimated from the following formula

k 2
Z,’:] (x; — %) n;

n—1

§? = (3.13)
where k is the number of groups,  is the total number of observations, x; is the class
mark, and n; is the number of observations in the ith group.

Standard deviation, another measure of dispersion, is the positive square root of
variance, and the unit for standard deviation is the same as the unit of the X. The
formula for S is as follows:

n 2
- (x;—x
2o (i —X) (3.14)

n—1
A dimensionless measure of dispersion is the coefficient of variation defined as the
standard deviation divided by the mean. The coefficient of variation is estimated as

(3.15)

Higher values indicate more dispersed data, i.e., high variability about mean and vice
versa. Population estimate of variance (denoted as 0?)isdiscussed later in Sect. 3.2.1.

3.1.3 Measure of Symmetry

Distributions of data may not be symmetrical with respect to its mean; i.e., they
may tail off to the right or to the left. Such distributions are said to be skewed
(Fig.3.3). Skewness of the data is measured using the coefficient of skewness (7).
For positive skewness (coefficient of skewness, v > 0), the data is skewed to the
right and similarly for negative skewness (v < 0) the data is skewed to the left. The
difference between the mean and the mode indicates the skewness of the data. The
sample estimate skewness is normally made dimensionless by dividing by $3 to get
the coefficient of skewness. A sample estimate of coefficient of skewness (denoted
as C;) is expressed as
ny i (i =%
T m=Dm=2)83

(3.16)

Population estimate for coefficient of skewness (denoted by ) is discussed later in
Sect.3.2.1.
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(@) (b) (©

1)
T
F®)

x X X

Fig. 3.3 Typical pdf plots of a a symmetric, b positively skewed distribution, and ¢ negatively
skewed distribution

3.1.4 Measure of Tailedness

The measure of tailedness of a probability distribution function is referred to as
kurtosis. Being a measure of tailedness, kurtosis provides important interpretation
about the tails, i.e., outlier. For a sample, kurtosis shows the effect of existing outliers.
However, for a distribution, kurtosis shows the propensity to produce outliers. The
kurtosis is made dimensionless by dividing by S* to get the coefficient of kurtosis.
Coefficient of kurtosis is a convenient non-dimensional measure of tailedness. The
sample estimate of the coefficient of kurtosis is given by

_ 2211(xl
B (n—l)(n—2)(n—3)S4

(3.17)

A particular distribution can be classified on the basis of its tailedness when compared
with a standard value. Generally, the standard value taken is the kurtosis of normal
distribution that has a value of 3. Thus, sometimes another estimate, ¢ = k — 3, is
also used as a measure of kurtosis. Based on the measure of kurtosis, data or the
associated distribution can be divided into three types (Fig.3.4) as follows:

(i) Mesokurtic: If any distribution has same kurtosis as compared to normal distri-
bution, the distribution is called mesokurtic. Thus, for a mesokurtic distribution,
k=3ande =0.

(ii) Leptokurtic: In case a distribution has a relatively greater concentration of prob-
ability near the mean than the normal distribution; the kurtosis will be greater
than 3. The value of € will be positive.

(iii) Platykurtic: In case a distribution has a relatively smaller concentration of prob-
ability near the mean than the normal distribution; the kurtosis will be less than
3. The value of € will be negative.

Population estimate for coefficient of kurtosis is discussed later in Sect.3.2.1.
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Fig. 3.4 A typical pdf plot
showing the three zones of
kurtosis, namely leptokurtic,
mesokurtic, and platykurtic Leptokurtic, k>3

Mesokurtic, k=3

Platykurtic, k<3

Flx)

Example 3.1.1

Consider the following sample data for annual peak discharge (cumec) at a gaug-
ing station A. Evaluate the mean, variance, coefficient of skewness, and coefficient
of kurtosis for the given sample data. Also, comment regarding the coefficient of
skewness and coefficient of kurtosis.

Year 2000 2001 2002 2003 2004 2005 2006 2007
Annual peak discharge (cumec) 4630 2662 1913 3655 3670 4005 4621 1557
Year 2008 2009 2010 2011 2012 2013 2014 2015

Annual peak discharge (cumec) 2405 1625 6216 2602 2157 3120 6403 2934

Solution The mean for the given sample data for peak annual discharge can be
evaluated as

T = Dii Xi

n
_ 4630 + 2662 + - - - + 2934
N 16
= 3385.93 cumec

The variance of the sample data can be evaluated as
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g2 — Y (i —%)°
N n—1
(46330 — 3385.93)% 4 (2662 — 3385.93)% + - - - 4+ (2934 — 3385.93)2

15
= 2214860.86 ~ 2.2 x 10° cumec?

The coefficient of skewness of the sample data can be evaluated as

oYl (g —%)
T =D =283
_ 16[(46330 — 3385.93)" + (2662 — 3385.93)" + - - - 4 (2934 — 3385.93)’]

15 x 14 x (2214860.86)%/?

= 0.745

The coefficient of kurtosis of the sample data can be evaluated as

_ n’ i (i — 0*

n—1)(n—2) (n—3)s*

16% [(46330 — 3385.93)" + (2662 — 3385.93)* + - - - + (2934 — 3385.93)*]
- 15 x 14 x 13 x (2214860.86)7

= 2.628

As the value of coefficient of skewness is positive so the data is positively skewed
and coefficient of kurtosis is less than 3, so it is platykurtic.

3.2 Concept of Moments and Expectation

In physics, moment is the product of a physical quantity and the distance from a
fixed point of reference. While considering mass as the physical quantity, it can be
used to locate the center of gravity of any irregularly shaped object. Higher order
of moments can also be evaluated. Similar concepts can be utilized to extract some
meaningful information from a data set (Fig.3.5a).

Suppose that the data xj, x2, ..., x,, is located according to their values on the
real line as shown in Fig.3.5a. Assuming that each data value is equiprobable, the
mass of each data can be assumed to be 1 / n, when n is the length of the data. Now,

the total moment with respect to origin can be evaluated as ) _ x; (1 / n) We may find
alli
out the locations say x of the equivalent total mass, i.e., the mass that will create the
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(a) (b)

mean of x dAf ) d

Data (each having a mass of 1/n) C.G. of the pdf

mean of x

LI LT ]

R T data x, e l«—a  daa

A
probability density

Probability mass of each data

Fig. 3.5 First moment (mean) of the data for a discrete data and b probability density function of
continuous data

same moment (as the total moment) about the origin, expressed as (n X l/n) X =X.
Equating these two moments, we get

i=Y x(/n (3.18)

all i

This location (X) is equivalent to the mean of the data (x).

In case of the population which is represented by a pdf, mean can be identified
following the same concept. Referring to Fig. 3.5b, consider a delta width (dx) located
at a distance x from the origin. The total probability mass is equal to the area above
dx and below the pdf (shaded area = d A). Total moment for this area with respect to
origin is x.d A = x. f,(x)dx. Integrating for the entire range of the data (—o0, 00),

[o¢]
the total moment can be written as f xfy(x)dx. If it is assumed that the total
—0Q
probability mass is located at a distance x from origin that produces same amount
of moment, we may write

i x / " fuodx = f " i fuoda

o]

Since 7) fr(x)dx =1

—00

= /00 xfy(x)dx (3.19)

oo

Following the same concept, higher order moments with respect to origin can also
be evaluated using some power of distance from the origin; for example, x> and x3
can be used to evaluate the second- and third-order moments, respectively. The x in
Eq.3.19 can be replaced with x' to evaluate the ith moment with respect to origin.
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However in probability theory, second moment onwards are calculated with respect
to the mean. First moment with respect to the mean is zero. The second-order moment
with respect to the mean can be evaluated as

oo
E[(X —w?’] = / (x — )* fr (x)dx (3.20)
—00
In general, the ith-order moment with respect to the mean can be evaluated as

o0

E[X-w']= / (x — )’ fi (x)dx 3.21)

—00

3.2.1 Expectation

The expected value of a random quantity intuitively means the averaged value of the
outcome of the corresponding random experiment carried out repetitively for infinite
times. Mathematically, the expected value of a random variable (X), represented as
E(X), can be defined as the first moment about the origin and represented as follows:

EX)=u (3.22)

Considering X to be a discrete random variable, the expected value of X is given as

E(X)=) x;ps(x;) (3.23)

all j

and for continuous random variables, the expected value of X is given as
o8]
E(X)= / Xfy (x)dx (3.24)
—00

Any function of X, say g(X), is also a random variable. Thus, the expected value of
g(X) is given as

Elg(X)1=>_g(x;) px (x;) for discrete RV (3.25)
all j
Elg(X)] = /OO g x) fx x)dx for continuous RV (3.26)

Relating the concept of moment with expectation, following points can be noted
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@

(i)

(iii)

(iv)
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The first moment about origin is the mean, i.e.,
E(X)=p= Zogujxjpx (x;) for discr'ete RV (3.27)
fioo xfy (x)dx for continuous RV
The second moment about the mean is the variance
2 .
E[(X -] =0 = Zoé‘”f (x; — él,) px (x;) for dlscr'ete RV (3.28)
fioo (x — ) fy (x)dx for continuous RV
It can also be shown that
V(x)=E (x*) = [E ()] (3.29)
The third moment about the mean is the skewness
3 .
Ex - M)3] _ Zog” i (xj — é;) px (x;) for dlscr.ete RV (3.30)
JZo x — )’ fx (x)dx  for continuous RV
It can also be shown that
E[(x— '] =E(x’) = 3E (x*) E (x) + 2{E (x)}’ (3.31)

The measure of skewness is non-dimensionalized using variance and termed as
coefficient of skewness (). Thus, ~ is expressed as

N3
v = el —w] (3.32)

o3

The fourth moment about the mean is the kurtosis (measure of tailedness)

D j (X j— u)4 Px (x j) for discrete RV

E[(X —w* =
[( & ] ffooo (x —m)* fx (x)dx  for continuous RV

(3.33)

It can also be shown that

E[(x —w*] = E (x*) —4E (x’) E (x) + 6E (x*) (E(x))* — 3{E ()}
(3.34)
The measure of tailedness (kurtosis) is also non-dimensionalized using variance
and termed as coefficient of kurtosis (k). Thus, k is expressed as

N4
K= M (3.35)

o4
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Table 3.1 Population parameters and sample statistics

Property Parameter name Population parameter Sample statistic
Central Arithmetic mean For discrete case, X = #
tendency =Y xpy(x)

For continuous case,
o0
w= ffoo xfy(x)dx

Geometric mean G = antilog [E (log X)] Xg = (]_[l'-':I x,»)l/"

Median X such that F (x) = 0.5 | 50th percentile value of
data

Mode For discrete case, Most frequently

mo = argmax [py (x;)] | occurring data
xi

For continuous case,

[mo 18 the root of

afx@) "1‘?) =0and

;
The <o

iabili : 2 _ 2 2 _ X8
Variability Variance o =F [(X — 1) ] §° = ==
n 2
Standard deviation c=E[(X- u)z]]/2 S = Zl:;(%‘l?)
Coefficient of W=7 cv=2=
variation
. E[(X—p)3 " (=13
Symmetry | Coefficient of = % = %
skewness
—u)? 2y )4
Tailedness | Coefficient of kurtosis K= M ko= i)

o  (m—=1)(n-2)(n—3)S*

Population parameters and corresponding sample estimates of different descriptive
statistics are shown in Table 3.1.
Some useful information on the expected values is:

(i) Expectation of a constant is same as that constant, i.e., E (C) = C.

(i) Expectation of a modified random variable obtained by multiplying with a
constant is equal to the product of the constant and the expectation of the
original random variable, i.e., E (CX) = C E (X).

(iii)) Expectation of a random variable obtained by addition/subtraction of two ran-
dom variables is equal to the sum/difference of their individual expectations,
ie, EXXY)=EX)L EY).

Some useful information on the variance values is:

(i) Variance of a constant is zero, i.e., V (C) = 0.

(i1) Variance of a modified random variable obtained by multiplying with a constant
is equal to the product of the square of constant and the variance of the original
random variable, i.e., V (CX) = C? V (X).
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(iii) Variance of a modified random variable obtained by multiplying with a constant
(a) and addition to another constant () is equal to the product of the square of
constant (a) and the variance of the original random variable, i.e., V (aX + b) =
a’ Vv (X).

Example 3.2.1
The number of thunderstorms per year (X) and its pmf obtained from the historical
data are shown in the following table:

X 0 1 2 3
pmf (pr(x)) 03 04 02 0.1

What is the mean and variance of the number of thunderstorms in a year?
Solution The mean of number of thunderstorms per year can be evaluated as
E(x) =) xp(x)

=0x034+1x044+2x0.243x0.1
=1.1

The variance of storms can be evaluated as

E®) —{E())
[12x044+22x02+3%>%x0.1]—1.1%
= 0.89

V(x)

Example 3.2.2
The time (T') between two successive floods follows following pdf

Ae™™ forr >0

fr) = {o fort <0

Find the mean, mode, median, and the coefficient of variation of 7.

Solution The mean time between successive floods is given by

E(T) :f the Mdt = —/ tde™)
0 0

Integrating by parts (i.e., [‘udv = uv — [ vdu), we get
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o ) e—)\t o0 1
E(T)= —te™|] +/ e Mdt = [— X } ==
0 0

Hence, the mean time between successive floods is 7 = 1 / A

The mode is the value of ¢+ with the maximum value of pdf. From the pdf, it can be
observed that the probability density is highest at # = 0. Thus, the mode is p,,, = 0
The median can be evaluated as

Hmd
/ e Mdt = 0.5
0

or,1 —e Mmi =05
—In(0.5) 0.693
A DY

or, g =

Therefore, median is i, = 0.393.

The variance can be evaluated as

00 1 2 00 1
o'% = / t— — )\e_)‘tdl‘ = / )\l‘2 —2t+ — e_Atdl‘
0 A 0 A

Integrating by parts (as done for E(T)), we get

oo o0 2
First term, f 2he Mdt = _/ 2d (e—,\t) __=
0 0 A

Second term, — 2/ te Mdt = 2/ —d (e_’\’) ==
0 0o A A
Third term /00 le‘“dt = 1
“Jo A pe
Hence, o> :z—z—}—i:i
’ AA N2 N
The standard deviation is given by o, = &
The coefficient of variation of the given distribution is ¢, = ;—; = };—i =1.

Example 3.2.3
The rainfall depth (in cm) received during thunderstorms at a place (X) is a random
variable with the following density function

10)(x —20) 0<x <10
elsewhere

S (x —
— ] 2500
fre () = {0



68 3 Basic Statistical Properties of Data

Determine the following

(a) Mean value of X; (d) Standard deviation of X;
(b) Median of X; (e) Coefficient of variation of X; and
(¢) Mode of X; (f) Skewness coefficient.

Solution The density function is fy (x) = 25% (x —10) (x —20) for 0 < x < 10.
(2) Mean (1)

10 3 10
u:/o xfx(x)dx:ﬁ | x (x —10) (x —20)dx

3 x* 10
= —— | = —10x° +100x*| =3
2500 | 4 0
(b) Median (i)
Hmd
fr(x)dx =0.5

0
3 Himd

or, —/ (x—=10)(x —20)dx =0.5

2500 Jo

3 X3 Hmd
or, —— | — — 15x2 + 200x =0.5
2500 | 3 0

of, [lng = 2.5398

(c) Standard deviation o

10
o? = / (x =D fu(0)dx
0

3 10
or, 0% = 2500 J, (x —3)*(x — 10)(x — 20)dx

1 10
2 _ 5 4 3 2
or,0° = 12500 [3x — 135x" +1945x° — 11025x° + 27000x]0
Hence, o = +/5 = 2.2361

(d) Coefficient of variation is calculated as

2.236
= L= S = 07454 & T45%.

I

(e) Coefficient of skewness is obtained as
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10
= ( (x — #)3fx(x)dX> / o3
0

3 10 3
S (x —3) (x — 10) (x — 20) dx
2500 x 5+/5 Jo ( (
5 4 3 2 10
- [x(le — 468x* +7455x3 — 52740x?% + 186300x — 324000)]
2500004/ 0
=0.7155

3.3 Moment-Generating Functions

Moment-generating function of a random variable is generally treated as an alter-
native to its probability distribution. Though all the random variables may not have
moment-generating functions, however, if available, these are sometimes easier to
compute moments of the random variables of any desired order.

Expectation of ¢'*, which is a function of the random variable X, is known as
moment-generating function of the random variable X. It can be represented as

My (1) = E (') (3.36)

In case of discrete random variable, the moment-generating function can be evaluated
as

My (1) =) e"ip, (x)) (3.37)

all j

In case of continuous random variable, the moment-generating function can be eval-
uated as

My (t) = /00 e fy (x)dx (3.38)

[o.¢]
We can show that the Taylor series expansion of My (¢) is
2 k

1 ,
My () =14 pt+ o + ooty +o (3.39)

The kth moment about origin is then found to be the kth derivative of My (t) with
respect to ¢ and evaluated at ¢ = 0.

, d"Myx (1)

= 3.40
/'l‘k dtk —o ( )
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Usefulness of the moment generation function can be explored by evaluating the
derivatives of the function. First derivative of My (t), evaluated at r = 0, results in
the expected value, which is first moment of the random variable with respect to
origin. Mathematically,

dMy (t)
dt

- foo xfy (x)dx (3.41)
=0 -

o]

Similarly, second derivative of M (), evaluated at ¢ = 0, results in second moment
of the random variable with respect to origin. Thus,

d*My (1)
dt?

= / ” x? fy (x) dx (3.42)
t=0 -

o0

In general, nth derivative of My (¢), evaluated at t = 0, results in nth moment of the
random variable with respect to origin.

d"Mx (1)
dt"

= /00 x" fy (x)dx (3.43)
=0 -

o0

Example 3.3.1

Consider a data set to follow the given distribution where A is a constant. Evaluate
the first moment with respect to origin, the second moment with respect to the mean
and the moment-generating function.

- 2\

¢ x=0.1,2....

Px (x) = |
X!

Solution Calculation for the first moment with respect to origin otherwise known
as mean

o 7)\/\,( 7/\)\x 1 o Pt

E(x)—Zx Xlzx—l)'z e*AXI:mz)\

Calculation for the second moment with respect to mean otherwise known as variance

V@ =E(x?) - [E@P
In above expression, E <x2> can also be expressed as

E (x2> — Elx(x — D]+ E(x)
—,\Ax o 7)\/\)6 2 0 A1

_ 2—)\ _ 12
;(x—Z)'_ ¢ 21:(x—1)!_A

Elx(x — 1] = Zx x—1
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V) =22 +A-2 =2

Calculation for the moment-generating function

—A\x % x
E (e") = Zeme A o Z (Ae) — oM = D)
0

x!

3.4 Characteristic Functions

Similar to moment-generating function, characteristic function of a random variable
may also serve as another alternative to its probability distribution. It is the Fourier
transform of the probability density function of the random variable.

The expectation of ¢'X (where i = /—1), which is a complex function of the
random variable X, is known as characteristic function of that random variable X. It
can be defined as

oy (1) = E (e""¥) = Mx (it) (3.44)

The characteristic function for X can be expressed as

by (1) = Z e py (x;) for discrete RV (3.45)
all j
oC .
by (1) = / fx (x) e dx for continuous RV (3.46)
—00

Using the characteristic function, the nth moment of X can be expressed as

1d"
E(X") = i—n% . (3.47)

Example 3.4.1
Consider a random variable X that follows the given distribution. Evaluate the mean,
variance, skewness, and kurtosis.

X 0 25 60 75 100
px (x) 05 024 0.12 0.08 0.06

Solution Mean can be evaluated as
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E(x)=0x054+25x0.24450x0.12475 x 0.08 4 100 x 0.06 = 24

Variance can be evaluated as
v = B[ - p?] = E(x?) - (E @)
E (x2> — 0% % 0.5+ 25% x 0.24 + 50% x 0.12 + 75% x 0.08 + 100% x 0.06 = 1500
V(x) = 1500 — 242 = 924
Skewness can be evaluated as
E [(x - u)3] -y <x3) _3E (xz) E() +2{Em)
E (x3) = 0% x 0.5+ 25% x 0.24 + 50% x 0.12 + 75% x 0.08 + 100° x 0.06 = 112500

E [(x - u)3] = 112500 — 3 x 1500 x 24 +2 x 243 = 32148

Kurtosis can be evaluated as
E [(x - ,1,)4] —E (x4) _4E (x3) E(x) +6E (x2) (E)? —3(E )
E (x4) = 0% x 0.5 +25% x 0.24 + 50% x 0.12 + 75% x 0.08 + 100* x 0.06 = 9375000

E [(x - u)“] = 9375000 — 4 x 112500 x 24 + 6 x 1500 x 242 — 3 x 24* = 2763672

Example 3.4.2
Consider a continuous random variable X having the following marginal distribution.
Evaluate the mean, variance, and median.

Z forx > 1
X

0 elsewhere

frx) = {
Solution Mean can be evaluated as
E (x) = /xfx(x)dx
o0 2
=/ x X —3dx
1 X
27
[ X :|1

2

Variance can be evaluated as
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V() =E(x*) —{E @)
= [#fwdx— E P
[o¢]
2 2 2
where [ x“f, (x)dx = x° X —3dx
1 X

The integral does not exist; thereby, the variance does not exist.
For the calculation of median, we first need to calculate the CDF of X.

x 1
Fy (x) =/ fr@)dx =1— o
1

1-L x>1
Hence, Fy (x) = o=
0 elsewhere

Median can be evaluated as

Fx(,umd) =05
] 1 1
or,] — — = —
Mid 2
0r3 de = \/z

Example 3.4.3

Evaluate the coefficient of variation, coefficient of skewness, and coefficient of kurto-
sis for the data supplied in Example 3.4.1. Also, provide an insight into the skewness
and tailedness of the distribution.

Solution Calculation for coefficient of variation:
= 1.266

Calculation for coefficient of skewness:

E[(x—p’] 32148
7= = Soqn = 1144

Calculation for coefficient of kurtosis:

E[(x—mw'] 2763672
K= - = o =327

As 7 is positive, so the distribution is positively skewed, and «-3 is positive so the
distribution is leptokurtic.
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Example 3.4.4
The 30 years of monthly rainfall data (mm) at rain gauge stations A and B are found
to follow the given distribution.

Ae ™ x>0

0 elsewhere

fr(x) = {
If the probability of rainfall exceeding 50 mm is 0.135 for station A and 0.188 for
station B, which station receives higher mean rainfall?

Solution In order to determine the station receiving higher mean rainfall, we first
have to evaluate the mean for the above-mentioned distribution, i.e., £(X). Hence,
from Example 3.2.2,

o 1
E(X) = / xhe Mdx = —
0 A
Further, the probability that rainfall exceeds 50 mm is given by

o0
P(x > 50) = / e Mdx = 750
50

For station A:

e =0.135
A =0.04
Thus, fy(x) = 0.04¢ 004

W= / xfy(x)dx =25
0
Similarly, for station B:

e =0.188
A =0.033
Thus, fy(x) = 0.033¢~ 003~

W= / xfy(x)dx = 30.30
0

Therefore, station B receives higher mean rainfall.




3.5 Statistical Properties of Jointly Distributed Random Variables 75

3.5 Statistical Properties of Jointly Distributed Random
Variables

3.5.1 Expectation

If X and Y are considered to be jointly distributed continuous random variable and
U is some function of X and Y, U = g(X, Y), then expectation of U, E(U) can be
written as

EWU)=E[g(X,V)]= /ufu (u) du (3.48)

In case of continuous random variables,

Elg(X,Y)]= //g(x, ¥) fry (x,y) dxdy (3.49)
In case of discrete random variables,

ElgX, )= g(x ;) per (xi,¥)) (3.50)

t J

In all the cases, the result is the average value of the function g(X, Y) weighted by
the probability that X = x and Y = y or the mean of the random variable U.

3.5.2 Moment about the Origin

A general expression for the (r, s)th moment of the jointly distributed continuous
random variable X and Y is

/Lis = / /)c’y‘Y Sfer (x,y) dxdy for continuous RV (3.51)

=Y > x5y pay (xi,y)) for discrete RV (3.52)
i

3.5.3 Moment about the Mean (Central Moment)

The central moment for jointly distributed continuous random variables X and Y is
given by
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(o] oo
Lrs = / / (x —px)" (v — py)’ fry (x,y) dxdy for continuous RV
—00 J —00
(3.53)
frs =Y (i = px) (v; — pr)’ pay (5, 3) for discrete RV
i

(3.54)

3.5.4 Moment-Generating Function

Similar to moment-generating function of a single random variable defined in previ-
ous section, the moment-generating function for two random variables is defined for
discrete and continuous cases. The moment-generating function for two continuous
random variables can be obtained as

Myy (t,u) = E (e*7) :/ / e fry (x,y) (3.55)

The moment-generating function for two discrete random variables can be obtained
as

Myy (t,u) = E (X)) =373 "™ p, (x,y) (3.56)

all x ally

Example 3.5.1

A reservoir has two inflow points A and B. The streamflow gauging records at station
A and B show that inflow at station A (designated by X) and the same at station B
(designated by Y') follow the given distributions.

1
=(10—x) 0<x <10
_ )3
Fx() { 0 elsewhere
1
3025 —y) 0<y=<20
_ ) 300
F {0 elsewhere

Considering the inflow at station A and B to be independent, evaluate the mean of
total inflow to the reservoir and the moment-generating function for the same.

Solution As given, X designates the inflow at station A and Y designates the inflow
at station B. The total inflow to the reservoir can be designated by another random
variable, say Z. Thus, Z is a function of random variables X and Y such that Z =
gX,Y)=X+Y.
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As the inflows at station A and B are independent, their joint pdf can be evaluated
as the product of their individual, i.e., fy ,(x, ¥) = fx(x) fy (). The mean of the total
inflow to the reservoir can be evaluated as

2010 10—x\ /25—y
E(Z):/(; /0 (x—i—y)( 350 )( 300 )dxdy

/20 By +10)(y — 25)
0 900

1
_ 100 —11.11
9

The moment-generating function can be written as
My (t, u) = E(eX7)
20 (10
10 — 25 —

[ () (B v

o Jo 50 300
_(10r — &' + 1)(25u — ™ — Sue®™ 4 1)
- 15000122

3.5.5 Covariance

The covariance of jointly distributed random variables X and Y can be written as the
expected value of the product of their deviations from their respective mean values
as follows:

Cov(X,Y)=o0xy = E[(X — px) (Y — py)] (3.57)
By using the linearity property of expectations, r:A.s. of Eq. 3.57 can be transformed
to a simpler form, which describes as the expected value of their product minus the
product of their expected values, as shown in Eq.3.58.

E[(X — px) (Y — py)] = E(XY) — E(X) E(Y) (3.58)

For continuous random variables, covariance can be expressed as

Oxy =/ (x — :UX) (y - /JY) fx.y (x, )7) dxdy (3.59)

For discrete random variables, covariance can be expressed as
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Oxy =Dy (x=px) (v = pty) pry (x.) (3.60)

allx ally

If X and Y are independent, then f , (x, ¥) = fx (x) fy (y) for continuous random
variable and py , (x, ¥) = px (x) py () for discrete random variable.

Thus, covariance for independent continuous random variables can be expressed
as

Oxy = // (x — px) (v — py) fur (x,y) dxdy
3.61)

=/(X—Mx)fx(x) dx/(y—uy)fy(y) dy =0

Thus, covariance for independent discrete random variables can be expressed as

Oxy = ZZ (x = px) (y — py) pxv (X, )

allx ally (362)
=Y (@ —px) pe ()Y (v —pr) py () =0
all x all y

since first central moment with respect to mean is 0. This implies covariance of
two independent variables is always 0. However, the reverse is not true, i.e., zero
covariance does not necessarily indicate that the variables are independent.

The sample estimate for the covariance oy y is Sx y computed as

2?21 xi—x) Qi —y

- (3.63)

Sx,y =

Example 3.5.2
The joint distribution of two random variables X and X, is given as follows. Find
out the covariance of X; and X,.

o ) = 6x; O<xi<x<l1
06X X2) =1 elsewhere

Solution The marginal distributions of X; and X, are as follows:

1
fx (xl) 2/ 6X1d)C2 = [6)(?1)62]11 = 6)(?1 (1 —xl) 0< X < 1

X1

X2 x2 X2
fx () = / 6x1dx; = |:6—1i| =3x; 0<x<1
0 2 0
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The covariance of X; and X, can be calculated as follows:
Cov (X1, X2) = E (X1, X2) — E (X1) E(X2)
Expectation for X and X, can be calculated as follows:
! 1
E (X)) = / x16 (x1) (1 —x1)dx; = 5
0
! 3
E (X)) = / X (3%3) dxy = =
0 4
Expectation of joint distribution of X; and X, can be evaluated as
1 X2 2
E (x1x2) :/ / X1X20x1dx1dxy = =
o Jo 5
Thereby, the covariance can be evaluated as

2
Cov (X1, Xp) = 57

3.5.6 Correlation Coefficient

Correlation coefficient is a normalized form of covariance which is obtained by
dividing the covariance by the product of standard deviation of X and Y.

g
—xr (3.64)

p =
xr Ox0Oy

The range of py  is —1 < py , < 1. Actually, py y is the measure of linear depen-
dence between X and Y. Thereby, if py , = 0, and X and Y are linearly independent,
however, they might be related by some nonlinear functional form. In this case, X
and Y are said to be uncorrelated. A value of py , equal to =1 implies that X and ¥
are perfectly related by ¥ = a + bX. In this case, X and Y are said to be correlated.
The sample estimate of the population correlation coefficient py y is ry , computed
from

Sx,y
= 3.65
Txy SxSy ( )

where Sx and Sy are the sample estimates of o, and o, respectively, and Sy y is
the sample covariance.
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Example 3.5.3

Let X units denote the rainfall intensity in a particular catchment and Y units denote
the runoff from the catchment. The joint pdf of X and Y is given as follows. Evaluate

the covariance and the correlation coefficient.

P+F 0=sx=L0<y=<2

0 elsewhere

Ser(x,y) = {

Solution Evaluation of the marginal pdf of X and Y is carried out in Example 3.5.2.
In order to evaluate the correlation coefficient, we have to evaluate the variance of
X, variance of Y, and covariance of X and Y.

Cov(XY) = E(XY) — E(X)E(Y)

L2 5 2., 1., 13
E(X) = x| =x+4+2x")dx=|=x"4+=x = —
0 3 9 2 1, 18

2 71y 1 1,7 10
E(Y)=/ y<—+—> dy:[—y2+—y3] =5
o "\3 6 6 187 |, 9

1 p2
E(X, Y):/ / Xy <x2+x—y) dydx
0 Jo 3

1 2 1 1 A
132,123 / 3,82 14 8 3 3

— — — d — 2 — d — — _ —_——
_/0 |:2xy —|—9xy o x_o x—|—9x X = x—|—27x 0_5

43 [13\ /10 1
Covxy) = = — (2) (=) = ——
ovXY) = 5 <18)(9) 162

As Cov(X, Y) # 0, thereby, X and Y are correlated.
Calculation of variance of X and Y,

Var(X) = E(X?) — [E (X)]?

Var(Y) = E(Y?) — [E (V)]

1 2 1 2 1Y 17
E(Xz) = / x? <—x + 2x2> dx = |:—x4 + —x5j| N
0 3 6 57 1, 30

2 /1y 1 1,7 14
E(Y?) = o p L )ay=|=y3+ —y*| = =
(") /Oy<3+6>y [9y+24y W9
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17 13\ 2
Var (X) = — — 8 = 0.045

14 [10\*

Calculation of correlation coefficient,

_ Cov(X,Y)  —l/162
 SNVar(X)/Var(Y)  +/0.045+/0.321

p = —0.051

The correlation coefficient is —0.051.

3.5.7 Further Properties of Moments

If Z is a linear function of two random variables X and Y such that Z = aX + bY,
then

E(Z)=E (aX +bY) =aE (X) + bE (Y) (3.66)
Var (Z) = a*Var (X) + b*Var (Y) + 2ab Cov (X, Y) (3.67)

We can generalize the above equations considering Y as a linear function of n random
variables such that Y = "7, a; X;, then,

E(Y)=E (Z aix,) = Za,-E (X)) (3.68)
i=1

i=1

Var (Y) =Y a} Var (x) +2 ) _aa; Cov (X;. X;) (3.69)

i=1 i<j
Now for a special case considering a; = 1 / ninY, we get Y = X. Since x; form a
random sample, the Cov(X;, X;) = 0 fori # j and Var(X;) = Var(X). Thereby,

| n
Var (Y) = Var (X) = ZI: — Var (X) = = Var (X)

or,

Var (X) = Varn(x) (3.70)
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If we consider X and Y to be independent random variables, then the variance of
their product XY is given by:

Var (XY) = E (XY)? — E? (XY) (3.71)

Now, E (XY)* = E (X*)E (Y?) = (Z;@ + 0%) (1y +03).
And E? (XY) = E2(X) E*(Y) = p% 113
Thus, variance of the product X and Y can also be expressed as

Var (XY) = puxoy + pyoy + oxoy (3.72)

3.6 Properties of the Estimator

In general, the probability distribution functions are the functions of a set of param-
eters and the random variable. To use the probability distribution for the estimation
of probability, it is important to calculate the values of the parameters. The general
procedure for estimating a parameter is to obtain a random sample from the popu-
lation and use it to estimate the parameters. Now if we consider 0; as the estimate
for the parameter 6;, then éi is a function of the random variables since é[ is itself
a random variable possessing mean, variance and probability distribution. An ideal
estimator should possess the following four characteristics, namely unbiasedness,
consistency, efficiency, and sufficiency.

3.6.1 Unbiasedness

An estimator (é) of a parameter (0) is said to be unbiased if the expected value of the
estimate is equal to the parameter (E (é) = 9). As unbiased, estimator implies that

an average of many independent estimators for the parameter will be equal to the
parameter itself. In case the estimate is biased, the bias can be evaluated as E (6) — 6.

3.6.2 Consistency

An estimator (é) of a parameter (6) is said to be consistent if the probability that the
estimator differs from the parameter (6 — 6) by more than a constant (¢) approaches
to 0 as the sample size approaches infinity.
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3.6.3 Efficiency

An estimator (é) is said to be more efficient estimator for a parameter (¢) if the
estimator is unbiased and its variance is at least as small as that of another unbiased
estimator 91 The relative efficiency (RE) of 6 with respect to another estimator 6‘1
can be evaluated as follows:
v (9)
RE = (3.73)

v (%)

If the value of the relative frequency is less than 1, then 6 is a more efficient estimator
of 6 than 6.

3.6.4 Sufficiency

An estimator (é) is said to be a sufficient estimator for a parameter () if the estimator
utilizes all of the information contained in the sample and is relevant to the parameter.

Example 3.6.1
Consider a random variable X such that X ~ N (,u, 02). Check if the estimators of

mean X = 1 ", X; and variance §? = - >, (X; — )_()2 are biased or unbiased.

Solution Estimator of mean (u) is given as follows:
- 1
-1y
4

Expectation of the estimator E (X ) Zl VE(X) =+ LS i = pi, which is
equal to population mean. Therefore, X is an unbiased estimator of .
Estimator of variance (02) is given as follows:

§2 = 1 > (X - X)

n—1 -

Expectation of the estimator can be evaluated as



84 3 Basic Statistical Properties of Data

E(52)=n_12(x,~—u+u—)?)2
1 _
=n_llZ(Xi—u)2+(u—mz+2(xi—u)(u—X)
1 _ _
== > XK=’ + (1= X) 20 (X — ) (0= X)

== n (i —X)*

I
S
| —_
i8¢
=

=0

Therefore, S? is an unbiased estimator of o2.

3.7 Parameter Estimation

3.7.1 Method of Moments

The method of moments is a popular method of estimation of population parameters.
It considers that a good estimate of a probability distribution parameter is that for
which central moments of population equal with corresponding central moment of
the sample data. Finally, an equation is derived that relates the population moments
to the parameters of interest. For this purpose, a sample is drawn and the population
moments are estimated from the sample. Then, the equations are solved for the
parameters of interest, after replacing (unknown) population moments by sample
moments. In case of a distribution with m parameters, the first m moments of the
distribution are equated to the sample moments to obtain m equations which can
be solved for the m unknown parameters. In other words, let us consider a random
variable X that follows a distribution function fy (x; 8y, ..., 6;), with parameters
01, ..., 0; and a random sample x1, ..., x,, and then as per the assumptions of the
method of moment, the rth population moment can be equated to the rth sample
moment. Thus, we finally get the estimates of that parameter (see Example 3.7.1).

Example 3.7.1
Consider an exponential distribution whose pdf is given by f,(x) = e~ forx > 0.
Determine the estimate of the parameter .
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Solution Equating the first-order central moment of population to that of sample,

we get
oo

[e.¢]
= E(X) =f Xfy(x)dx =f xde Mdx
—00 0
Using integration by parts (Example 3.2.2)
1
SN

That yields, A = 1 / 1, and thus the corresponding sample estimate is A = 1 /Y.

3.7.2 Maximum Likelihood

Maximum-likelihood (ML) method assumes that the best estimator of a parameter of
a distribution should maximize the likelihood or the joint probability of occurrence of
a sample. Let us consider, x = (x, ..., x,) is a set of n independent and identically
distributed observed sample and f (x, 0) is the probability distribution function with
parameter 0. The likelihood function can be written as follows:

L=]]fn) (3.74)

i=1

where the symbol [ indicates multiplication. Sometimes, it becomes convenient to
work with logarithmic of likelihood function, i.e,

InL =Y In[fi(x)] (3.75)
i=1

In this case, 6 is said to be the maximum-likelihood estimator (MLE) of 6 if 0
maximizes the function L or In(L).

Example 3.7.2 Consider x, ..., x, to follow the following distribution

o~ a2 )’

Jx () =

— <X <
g s

Evaluate MLE for y and o2.
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Solution The likelihood function is to be evaluated as follows:

L:L(u,02|x1, ...,xn)

= 1_[ Sr (x)
i=1

— 1—[ ! o a2 )’
i oV2T
1 L2 S
e 7 e i=l
h

(«/ 27r)n (c?)
Thereby, the log-likelihood function can be evaluated as follows:
_n n 2 1 < 5
log L = —Elog 27 — Elog o° — thi;(x,- — 1)

The estimator of i can be evaluated by maximizing the log-likelihood function

dlogL

0
o
1 ¢ Z;l—l Xi ~
= =) =0 p=== =g
0% = n
Therefore, the estimator of the mean is i1 = ZZT‘X
OlogL
=0
do?

1 1 < N2
ﬁ(—”pz(n—u)>=0
i=1
s Y (- )

o :—:a’
n

2

2 — Z?:](xi—y)z

Therefore, the estimator of the variance is & m
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3.8 Chebyshev Inequality

Certain general statements about random variables can be made without fitting a
specific distribution to the random variable. One such statement can be provided by
the Chebyshev inequality. It ensures that not more than a certain fraction of values
can be away from the mean by certain distance. The Chebyshev inequality states that
the probability of getting a value which is away from p by atleast ko is at most 1 / k2,
where 1 is the population mean and o is the population standard deviation. Thus,

1
PX = pl = ko) = 5 (3.76)

The Chebyshev inequality provides an upper limit for the probability of a deviation
of a specific value from the mean.

3.9 Law of Large Number

Chebyshev’s inequality can be written in terms of sample mean (sample size n) as
follows:

— ko 1
P <|x -l = %) =5 (.77

where X is the sample mean for a sample of size n. For the above inequality, if
1 / k? = § and the sample size is selected such that n > o? / e where € < 0 and
0 < d < 1, then we get the law of large number. It can be stated as

P(]Y—,u] >e) <6 (3.78)
The law of large number ensures that by selecting a large enough sample, we can
estimate the population mean with the desired accuracy.

3.10 MATLAB Examples

For solving examples in this chapter, symbolic toolbox of MATLAB is required.
Some of the important function/commands are listed below.

e syms: This command is used for defining new algebraic symbol. For example,
syms x will define an algebraic symbol x.

e [outputl,...,outputN] = eval (expr): This function evaluates the
expression (expr argument). In case of symbolic expressions, this function can
be used for simplifying them.
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e [yl,...,yN] = solve(eqgns,vars): This function is used for solving
univariate or multivariate equations (eqgns argument) for variables vars. The
variables argument is optional. In case of multiple equations, they are passed as
string separated by comma like [x_value,y_value] = solve(‘x+y =
7,x-y = 3') yieldsx_value = 5andy_value = 2.

e output_expr = int (expr, var): This function is used for indefinite inte-
gration of expression (expr argument) with respect to variable (var argument).
Further, int (expr,var,a,b) is used for definite integration of expression
(expr argument) between the variable (var argument) value a and b.

e output_expr = diff (expr,var): This function is used for symbolic dif-
ferentiation of expression (expr argument) with respect to variable (var argu-
ment).

Using the functions discussed above, sample MATLAB script for solving
Example 3.5.3 is provided in Box 3.1.

Box 3.1 Sample MATLAB script for solving Example 3.5.3

1 | clear all; cle

3| %% Inputs, 1.e, definition of all the distribution
functions.

4 | syms X y

5 | x_fun=(2/3) *x+2*(x"2) ;

6 |y_fun=(1/3)+(y/6);

7 | jJoint_fun=(x"2)+(x*y)/3;

9 | % Evaluation of expectation of x, y and the joint
distribution $%$of x and y.

0 | exp_x=int (x*x_fun,x,0,1); % Expectation of x within
the $defined support
1| exp_y=int(y*y_fun,y,0,2); % Expectation of y within

the %$defined support

2 | exp_joint=int (int (x*y*joint_fun,y,0,2),x,0,1);

3 | cov_xy=exp_joint -(exp_y*exp_x); % Covariance of a
and y

15 | % Evaluation of the correlation coefficient
6 | exp_x2=1int ((x"2) *x_fun,x,0,1) ;
17 | exp_y2=int ((y"*2)*y_fun,y,0,2);

18 | var_x=exp_x2 -(exp_x"2); $%$Evaluation of variance of x
v | var_y=exp_vy2-(exp_y"2); %Evaluation of variance of y
0 | cc_xy=eval (cov_xy/(sqrt (var_x)*sqrt (var_y))); %

Evaluation of %the correlation coefficient

2 | $% Display Results

23 | output_file=["'output’ filesep () ’‘code_1_result.txt’
] g

2% | delete (output_file); diary (output_file); diary on;

5 | 8 Output stating 1f the variables are correlated
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% | if cov_xy==0
27 disp (' The random variables X and Y are not
correlated. ') ;

s | else

29 disp (' The random variables X and Y are
correlated.’) ;

0 | end

31 | fprintf (' The correlation coefficient of X and Y 1is
$2.3f.\n’,cc_xv)
» | diary off;

The output of the code mentioned in Box 3.1 is provided in Box 3.2. The solution
obtained using the MATLAB code is same as the conclusions drawn from the solution
of Example 3.5.3.

Box 3.2 Results for Box 3.1

I | The random variables X and Y are correlated.
> | The correlation coefficient of X and Y is -0.051.

Exercise

3.1 Considering the number of storms in an area for the month of June to follow
the following distribution

X ,—2
e x=1,2,....5

PO =10052 x =0
Evaluate the mean and median for the number of storms in the given month. (Ans:
0.848; median lies between 1 and 2)

3.2 Soil samples are collected from 15 vegetated locations in a particular area. The
moisture content of the samples as obtained from the laboratory tests is shown in
the following table. Evaluate the arithmetic mean, geometric mean, range, variance,
coefficient of skewness, and coefficient of kurtosis of the soil moisture data. Comment
regarding the skewness and kurtosis of the data. (Ans: 0.3207; 0.2926; 0.490; 0.018;
0.4136; 3.496)

Sample no 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SMC 0.25 040 0.11 045 036 024 026 031 050 0.60 0.39 0.28 0.19 0.14 0.33
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3.3 The maximum temperature (in °C) at a city in the month of May follows the
distribution as given below

F) = ——  40=x<4s
00—«

Evaluate the mean, variance, and coefficient of variation of the maximum temperature
in the city. (Ans: 42.5°C; 2.083; 0.034)

3.4 The discharge at a gauging station follows the given distribution
fi(x)=5¢>* x>0

Determine the nature of the distribution in terms of its coefficient of variation, skew-
ness, and tailedness. (Ans: 1/5; 2; 6)

3.5 A city supplied water from two sources. The joint pdf of discharge from two
sources is as follows:

X+E 0<x<l;0<y<2
’% f— [— b — f—
x v (X, = -
Fur,y) {O elsewhere
Evaluate the marginal probability density of each source and the mean discharge

from the two sources. Also, evaluate the covariance and the forms of conditional
distribution of X given ¥ = y. (Ans: 13/18 units; 30/27 units; —1/162)

3.6 Consider a random variable X to follow a two-parameter distribution. The pop-
ulation mean (x) and standard deviation (o) are the parameters of the distribution.
Evaluate an unbiased estimation of x and unbiased and biased estimation of o.

3.7 Letxy, xs,...,x, be arandom sample for a distribution with pdf
X
£ T ix, >0
yX)= ——— a>1;x,0>
paT (a)

Find estimators for « and 3 using method of moments.
3.8 Letxy, x2,...,x, ~ U(0,0). Find the maximum-likelihood estimate of 0?

€X' Find the maximum-likelihood estimate of \?

x!

3.9 Ifxl,xz, e, Xy

3.10 Considering the peak annual discharge at a location to have a mean of 1100
cumec and standard deviation of 260 cumec. Without making any distributional
assumptions regarding the data, what is the probability that the peak discharge in any
year will deviate more than 800 cumec from the mean? (Ans: 0.106)
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3.11 The random variable X can assume the values 1 and —1 with probability 0.5
each. Find (a) the moment-generating function and (b) the first four moments about
the origin. (Ans: (a) E (') = %(e’ +e),()0,1,0,1)

3.12 A random variable X has density function given by

27 x>0

fxm:{o X <0

Find (a) the moment-generating function and (b) the first four moments about the
origin. (Ans: (b) 1/2, 1/2, 3/4, 3/2)

3.13 Find the first four moments (a) about the origin and (b) about the mean, for a
random variable X having density function

4x(9 —x?)/81 0<x <3
0 otherwise

fx(x) = {

(Ans: (a) 8/5, 3, 216/35, 27/2 (b) 0, 11/25, 32/875, 3693/8750)

3.14 Find (a) E(X), (b) E(Y), (c) E(X,Y), (d) E(X?), (e) E(Y?), (f) Var(X), (g)
Var(Y), (h) Cov(X, Y) if the joint pdf of random variables X and Y is given as

c2x+y) 2<x<50<y<5
0 otherwise

fx,y(xa y) = {

Use ¢ = 1/210. (Ans: (a) 268/63, (b) 170/63, (c) 80/7, (d) 1220/63, (e) 1175/126,
(f) 5036/3969, (g) 16225/7938, (h) —200/3969)

3.15 Joint distribution between two random variables X and Y is given as follows:

8xy 2<x=<1;0<y=<x

0 otherwise

fx,y(x’ y) = {

Find the conditional expectation of (a) ¥ given X and (b) X given Y. (Ans: (a) sz
(b) 2(1+}’+,V2))

3(14+y)

3.16 The density function of a continuous random variable X is

4x(9—x%)/81 0<x <3
0 otherwise

fx(x) = {

Find the (a) mean, (b) median, and (c) mode. (Ans: (a) 1.6 (b) 1.62 (¢) 1.73)
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3.17 Find the coefficient of (a) skewness and (b) kurtosis of the standard normal
distribution which is defined by

2
ex/z

fx(x) =

le_ —00 < X < 00.
T
(Ans: (a) 0, (b) 3).



Chapter 4 ®
Probability Distributions and Their e
Applications

Use of probability distributions in hydrology and hydroclimatology is
inevitable. This is mostly due to the presence of uncertainty and lack of
complete knowledge from the data. In this chapter, two types of probabil-
ity distributions, namely discrete probability distribution and continuous
probability distribution are discussed elaborately. Commonly used dis-
tributions with their parameters, properties of the distribution supported
by graphical representation, and their plausible applications in hydrol-
ogy and hydroclimatology are explained. Each distribution is explained
in the following order—basics, interpretation of the random variable,
parameters, probability mass/density function, description, potential
applications, and illustrative examples. This order is expected to help
the readers to understand the distribution and to develop the knowledge
base for its further applications.

4.1 Discrete Probability Distributions

A discrete probability distribution describes the probability of occurrence of each
value of a discrete random variable. A discrete random variable is a random variable
that can only take finite or countably infinite specific values (see Sect.2.5.1). For
example, let X be a random variable representing the number of rainy days in a
month at a location. It is obvious that X can take up values belonging to the set
of nonnegative integers only. Thus, X follows a discrete probability distribution. In
this book, discrete probability distribution functions are referred as probability mass
function (pmyf’) and denoted as py (x). In the following sections, we will explain some
of the most commonly used discrete probability distributions in the field of hydrology
and hydroclimatology. Mathematical details of all the distributions are summarized
at the end of the chapter in Table 4.2 to facilitate the readers.
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4.1.1 Binomial Distribution

Basics: Binomial distribution is a discrete probability distribution of the number of
occurrences of an event in a sequence of n independent trials of a random experiment
with a probability of occurrence of the event be p in each trial. Thus, the interpretation
could be as follows:

Random Variable: The number of occurrences (X) in a sequence of n independent
experiments.

Parameters: n and p, where n is the number of trials and p is the probability of
occurrences in each trial.

Probability mass function: py(x;n, p) ="Cyp*(1—-p)** x=0,1,2,...,n

Descriptions: Any process that may occur with the probability p at discrete points
in time or space or individual trials may be a Bernoulli Process if the following
assumptions hold:

(i) There are two and only two possible outcomes in each trial. These outcomes
may be termed as ‘occurrence’ and ‘non-occurrence.’!
(i) The probability of occurrence is the same for each trial. This implies that the
probability of non-occurrence is also same for each trial.
(iii)) The outcome of any trial is independent of the history of any prior occurrence
or non-occurrence.

Let us consider X to be a random variable that represents the number of occurrence
in the sequence of n number of trials of a Bernoulli Process. X is supposed to follow
the Binomial Distribution. Occurrence of flood in a year, number of rainy days in a
month, failure of embankment in a year might be possible Bernoulli processes if the
aforementioned assumptions are satisfied.

To obtain the probability concerning X, we proceed as follows: If p and (1 — p) are
the probability of occurrence and non-occurrence for each trial, then the probability
of getting x occurrences (i.e., (n — x) non-occurrences) in any order is p*(1 —
p)"=) . This is by the virtue of the generalized multiplication rule for more than
two independent events. Now, the number of different orders in which x number of
occurrences can happen is " C,, i.e., the number of combinations of x objects selected
from a set of n objects. Thus, the probability of x occurrences out of n trials can be
expressed as:

px(x;n,p)="C,p*(1—-p)"™* x=0,1,2,...,n 4.1)

This is the pmf of binomial distribution for X with parameters n and p. The cumu-
lative binomial distribution is expressed as,

'Some mathematical textbook may refer these outcomes as ‘success’ and ‘failure.” We prefer to
use ‘occurrence’ and ‘non-occurrence’ since it may be embarrassing to refer some of the extreme
events, such as ‘floods,” ‘droughts,” ‘overtopping an embankment’ as success.
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X

Fo(in,p) =Y ps(isn, p) 42)
i=0

The mean, variance, and coefficient of skewness of the binomial distribution are as
follows:

E(X)=np 4.3)
Var (X) = npgq “4.4)
= (g —p) @.5)

v 1pPq

where ¢ = 1 — p. Hence, the distribution is symmetric for p = g, positively skewed
for p < g, and negatively skewed for p > ¢. The probabilities p and ¢ may also
referred as exceedance and non-exceedance probabilities.

Applications:

Probability of exceedance: An extreme event, such as heavy rainfall, high river
discharge or flood, is said to have occurred if X > x7, where X is the random
variable and x7 is a fixed level. The probability of occurrence of such an extreme
event is known as probability of exceedance. Binomial distribution is often used
to compute the probability of occurrences for such extreme events.

Design return period: The time between the occurrences of two events is known
as recurrence interval or return period of that event. Theoretically, return period
(T) is the inverse of the probability (p) that the magnitude of event (x7) will
be equalled or exceeded in any year (T = 1 / p). Concept of return period is
discussed in Sect.5.1 of Chap.5. The design return period of an extreme event
should be much greater than the design life of a hydraulic structure such as a
dam or an embankment. Reasonably high design life assures that an exceedance
may not occur within the life span of a structure. The fact however remains that no
matter the value of design return period considered to design a hydraulic structure;
there remains a chance for an exceedance to occur. Several statistical assessments
regarding design return period can be done using binomial distribution.

Example 4.1.1

Find the average occurrence of a 10-year flood (return period of the flood is 10 years)
in a 100 year period? What is the probability that exactly this number of 10-year flood
will occur in a 100-year period?

Solution The probability of occurrence of 10-year flood in any year = 1/10 = 0.1.
Thus, the average number of occurrences in 100 years = E(X) = np = 100 x
0.1=10
The probability of 10 occurrences of 10-year flood in 100 years can be evaluated
using binomial distribution,
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px(xin, p) ="Cip*(1 = p)"™*
px(10; 100, 0.1) = '°C,((0.1)'°(1 — 0.1)!°-10 = 0.1319

Example 4.1.2

A hydrologist has two possible proposals to consider for the construction of an
embankment. The details of the two proposals are given as follows. Which proposal
should be considered for an economic design?

Design Parameters/Information Proposal 1 Proposal 2
Return period 5 years 10 years
Flood magnitude 1400 m3/s 2200 m3/s

Time period of occurrence of the event once, such that the Once in 8 years Once in 15 years
facility can be repaired with the revenue earned without
any loss

Solution Let X be the number of occurrences of flood.

Proposal 1: 1f flood of the given magnitude occurs once or does not occur at all, then
there will be no loss. So X can take up values O and 1. Now as this is a Bernoulli
process, we can use the binomial distribution where p = 1/5 = 0.2 and n = 5. The
probability that there is no loss,

Py (x=0:8,02) 4+ p,(x =1; 8, 0.2) =2C, (0.2)° (0.8)® + 8C, (0.2)" (0.8)’
=0.168 + 0.335
=0.503

Therefore, the probability of loss,

= (1 —0.503) = 0.497.
Proposal 2: Similarly, in this case p = 1/10 = 0.1 and n = 10. The probability that
there is no loss,

Py (x =0; 15, 0.1) + py (x = 1; 15, 0.1) = 3¢ 0.1 0.9"° + ¢y (0.1 (0.9)!4
= 0.206 + 0.343
=0.549

Therefore, the probability of loss,

= (1—-0.549) = 0.451.

For the 2nd proposals, probability of loss is lower than the 1st proposal. Therefore,
the 2nd proposal is more economic.

Example 4.1.3
If the probability of a design flood not exceeding in 20 years is 0.8, what should be
the return period of the design storm?
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Solution Using binomial distribution,

Py (0; 20, p) = *Cop° (1 — p)*
or,0.8 = (1 — p)®
hence, p = 1 — (0.8)/** = 0.0111
T =1/p=90years

The return period of the design flood is 90 years.

4.1.2 Negative Binomial Distribution

Basics: Negative binomial distribution is another discrete probability distribution of
the random variable that denotes the number of trials in a Bernoulli process before a
specific number (denoted by j) of occurrences. Thus, the interpretation could be as
follows:

Random variable: The number of occurrence (X) in a sequence of independent and
identically distributed Bernoulli trials before a specific number of non-occurrences
occurs.

Parameters: j and p, where j is the number of non-occurrences and p is the
probability of occurrence in each independent trial.

Probability mass function: py (x; j, p) = X’le_lpj 1—p)y x=17j, j+
1, ...

Description: The probability that the jth occurrence happens at the Xth (X is the
random variable here) trial can be calculated by noting that there must be (j — 1)
occurrences in the x — 1 trials preceding the Xth trial. The probability of (j — 1)
occurrences in x — 1 trials can be computed from the binomial distribution (explained
before) as py (x; j — 1, p) = x’lcj,lpf’l (1 — p)*~/, where p is the probability
of occurrence in each trial as defined in binomial distribution.

Next, the probability of occurrence in Xth trial is p. As all the trials are inde-
pendent, the joint probability distribution function is obtained by multiplying these
probabilities (*~!C;_; p/~! (1 — p)*~/ and p). Thus, probability of X = x, i.e., pmf
of the negative binomial distribution is given by,

Py (x3 jop)="""Cjipl (1 = p) x=j,j+1, ... (46

Thus, different functional forms will result for different values of j. The CDF is
expressed as,
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X
Fo(x; j,p) =Y px (s j, p) (4.7)
i=j

The mean, variance, and coefficient of skewness of the negative binomial distribution
are

E(X) = i 4.8)
p
Var (x) = 14 = P) (4.9)
I+p
=L (4.10)
LY

Applications: The number of occurrences of extreme events within the life span of
a hydraulic structure can be determined using the negative binomial distribution.

Rare Events Probabilities: Number of rare events like thunderstorm and hail days
over certain period may fit the negative binomial distribution.

Tropical cyclone frequency distributions: The occurrence of cyclones and hurri-
canes in a year is identified as a rare event. Negative binomial distribution may be
used for the annual frequencies of these events.

Example 4.1.4
What is the probability that the 10th occurrence of a 10-year flood will be on the
100th year?

Solution Using negative binomial distribution,
Py (100; 10, 0.1) = *Cy (0.1)'° (0.9)*° = 0.013

The probability that the 10th occurrence of a 10-year flood will occur on the 100th
year is 0.013.

Example 4.1.5

The probability of non-occurrence of a hurricane in the state of Orissa once in 20
years is 0.05. Determine the probability of 5th occurrence of the hurricane in the
50th year?

Solution Using the binomial distribution with n = 20 and x = 0, the probability of
occurrence of hurricane in a year can be evaluated as follows,

px (03 20, p) =2Cop° (1 — p)*
0.05=(1—p)*
p=1-(0.05"? =0.139
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Thus, the return period,

1
T =—="7.19~ 7 years
p

The probability of 5th occurrence in 50th year can be evaluated using negative bino-
mial distribution,

Py (50; 5, 0.139) = ¥€,40.139° (0.861)* = 0.013

Thus, the probability of five occurrences of a hurricane with 7-year return period in
a span of 50 years is 0.013.

4.1.3 Multinomial Distribution

Basics: Multinomial distribution is the generalized form of a binomial distribu-
tion by assuming each trial to have more than two (i.e., k) possible outcomes. The
interpretation could be as follows:

Random Variable: The number of occurrences (X1, ..., Xx) in a sequence of n
independent experiments.

Parameters:nand p; (i =1, ..., k), where n is the number of trials and p; is the
probability of occurrences of the ith outcome (X;) in each experiment.

“pe . ! 2
Probability mass function:p (x1, Xz, ..., Xx) = mpf Py D

k
forx; =0,1, ...,nand ) ,_ x; =n

Descriptions: Let us consider n independent trials, with each trial permitting k
mutually exclusive outcomes whose respective probabilities are py, ..., pr such
that Zf.;l pi = L. Considering the outcomes of the first kind, second kind, and so
on, we are interested in the probability p (xy, ..., x;) of getting x| outcomes of the
first kind, x, outcomes of the second kind, and so on. Using the arguments similar
to the ones in Sect.4.1.1, probability mass function can be developed. The pmf can
also be expressed using gamma function as,

le £
s P = f 520,1,...,
p (x1, x2 Xp) = TG D 1:[ or x n

4.11)
where I" (o) is the gamma function (refer Sect.4.2.5). The CDF is expressed as,

Fo(i)= " p(xi, X2 ooy %) 4.12)

Xi<x;
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The mean and the variance of the multinomial distribution are,

E(X;) = np; (4.13)
Var (X) =np; (1 — p;) 4.14)

When the parameters are n = 1 and k = 2, the multinomial distribution becomes
the Bernoulli distribution, i.e.,

1 ’
p(x1.x0) = ———p}' x py’ (4.15)
X1 I x X2 !
When n > 1 and &k = 2, the multinomial distribution becomes the binomial distri-
bution (presented before).
When n = 1, and k > 2, it becomes the categorical distribution.

Applications: Categorical variables targeting multiple outcomes including rainfall,
streamflow can be considered to follow multinomial distribution. For example, if the
amount of rainfall at a particular region is divided into five categories based on the
depth of rainfall such as very low, low, normal, high, and very high and we wish to
evaluate the probability of a particular category of rainfall in that region, the multi-
nomial distribution can be used.

Example 4.1.6

The probability of the annual maximum peak discharge less than 140 m*/s is 0.4, and
the probability for the same between 140 and 280 m?/s is 0.3. What is the probability
of occurrence of 4 peak flows less than 140 m?/s and 2 peak flows between 140 and
280m?/s for a 10-year period?

Solution The first outcome (discharge less than 140 m?3/s) and the second outcomes
(discharge between 140 and 280 m?*/s) are fixed as per the example. The third outcome
can be considered as the peak discharge is greater than 280 m?/s.

The probability of occurrence of the third outcome = 1 — 0.4 — 0.3 = 0.3.

The event must occur = 10 — 4 — 2 = 4 times.

Now, using multinomial distribution,

10! x ((0.4)*(0.3)*(0.3)%)
(41 2! 41

p (4,2, 4,10, 0.4, 0.3, 0.3) = =0.059

The probability of occurrence is therefore 0.059 which is basically very low.

Example 4.1.7

At a given location, years are considered to be below-normal if their respective
annual total rainfall depths are lower than 500 mm, normal if it lies between 500
and 1100 mm, and above-normal if it lies above 1100 mm. Frequency analysis of
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annual rainfall record shows that the probability of normal, below-normal, and above-
normal rainfall is 0.6, 0.3, and 0.1, respectively. Considering a randomly selected 20
years, determine the probability that 13 normal, 5 below-normal, and 2 above-normal
rainfall years will occur.

Solution This example defines three outcomes, namely normal (r), below-normal
(r2), and above-normal (r3) rainfall. The sought probability can be evaluated using
multinomial distribution,

20! x ((0.6)"(0.3)° (0.1)?)

— 0.052
(13151 21)

p (13,5, 2; 20, 0.6, 0.3, 0.1) =

The probability of occurrences of 13 normal, 5 below-normal, and 2 above-normal
rainfall years is therefore 0.052.

4.1.4 Hypergeometric Distribution

Basics: Hypergeometric distribution is a discrete probability distribution. The inter-
pretation is as follows:

Random variable: The number (X) of occurrences of an event in a sample of size
n (drawn without replacement), from a population of size N containing k-specific
possibilities of occurrences.

Parameters: N, n, and k, where N is the size of the population, # is the size of
the sample to be selected, and k is the number of specific events in the population,
occurrence of which is calculated.
Probability mass function: py(x; N, n, k) =

kC, xNkC, .
NC,

forx =max (0,n+k — N), ..., min(n, k)

Descriptions: Let us consider a sample of size n selected from a population of
size N. The total possible outcome of the selection is ¥ C,. The number of ways x
occurrences may happen is C,., k being the specific possibilities of occurrences. The
number of ways (n — x) non-occurrences may happen is ¥ *C,_,, where (N — k) is
the total number of possible non-occurrences. Thus, considering all the possibilities
to be equally likely and for sampling without replacement, the probability of getting
‘x occurrences in a sample size of n’ is as follows:

ka x N—kcn_x

px(x; N, n, k) = NG
n

forx =max (0,n +k — N), ..., min(n, k)

(4.16)
where x cannot exceed k and (n — x) cannot exceed (N — k).The CDF is expressed
as,
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X

FeNonky= Y pGinp) (4.17)

x=max(0,n+k—N)

The mean, variance, and coefficient of skewness of the hypergeometric distribution
are,

Ex) =¥ 418

(X) = N (4.18)

var (x) = " U;\’};(?ﬁ; n) (4.19)
_ RNV

(N —2k) (N — 1)'/2 (N = 2n) w20

TT k(N =k (N -] (N —2)

Applications: Applications of hypergeometric distribution are general in nature.
Generally, wherever total number of events/cases (V) with the number of total favor-
able cases (k) in it and a sample size of (n) are known, and it is required to calculate
the probability of favorable cases in the sample, hypergeometric distribution is used.
Sometimes, significance of relationship between climate indices and hydrologic vari-
ables is tested with hypergeometric distribution.

Example 4.1.8
Assume that during the month of July, 20 rainy days occurred. The occurrence of
rain on a particular day is independent of occurrence of rain on any other day.

(a) What is the probability that 8 out of any 10 days are rainy days?
(b) What is the probability that less than 8 out of any 10 days are rainy days?

Solution

(a) The month of July has 31 days. So we are selecting 10 days out of 31 days. It is
also given that the number of rainy days is 20 days. Using the hypergeometric
distribution considering N = 31, n = 10 and k = 20.

20C llc
px (8: 31, 10, 20) = — > = 0.156
1Cro

Therefore, probability that 8 of these days are rainy is 0.156.
(b) Using the cumulative hypergeometric distribution considering N = 31, n = 10
and k = 20.

20C llC 20C llC 20C llC
Fo (7: 31, 10, 20) = =0 €10+ 13109 Tt G 708
10

Therefore, probability that less than 8 of these days are rainy is 0.798.
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Example 4.1.9

From a record of annual rainfall data for a particular station, 24 years are found to
be above-normal. Among those 24 years, flood was observed for 6 years. Now if 10
above-normal annual rainfall data are chosen out of 24 years, what is the probability
that 2 of the years will be flood years?

Solution For the given situation, hypergeometric distribution can be applied. Let
us define a random variable X as number of observed flood years, which follows
hypergeometric distribution with the following pmf

k Cx (N—k) C(n—x)

P(X=x)= Ve

In the example, following data are given,
Total above-normal rainfall years (V) = 24
Total no of flood years (k) = 6
Above-normal rainfall years chosen as sample (n) = 10
Number of observed flood years out of this sample (x) = 2

Hence, probability of observing 2 flood years out of 10 above-normal annual rainfall
years is

6C2(24_6)C(10_2) _ 6C218Cg _ 15 x 43758 — 0.335
#Cio N0, 1961256

P(X=2)=

Example 4.1.10

Assume over a 100 years of record, 23 and 20 years were recorded as El Nifio
and La Nifia years, respectively, out of which 20 and 13 years were found to have
above-normal and below-normal rainfall at a region respectively. Overall, out of
100 years, 32 and 31 years were found to receive above-normal and below-normal
rainfall respectively, at that region. Fifteen random above-normal and below-normal
years are selected. To establish that El Nifio and La Nifia events are associated with
above-normal and below-normal rainfall for that region respectively, what should be
the number of selected El Nifio and La Nifia years in the sample? Assume 0.95 as
the threshold probability to establish the fact.

Solution Let us define a random variable X as number of El Nifio/La Nifia years
in the randomly selected 15 years. Thus, for the given situation, hypergeometric
distribution can be applied, for which the pmf and CDF are as follows:

k Cx (N=k) C(n —X)

P(X=x) =~

k Cx (N—k) C(n—x)

P(X<x)=)Y_ Ve

X
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For the first part of the example, following data are given,

Total above-normal rainfall years (N) = 32,

Total no of El Nifio years (k) = 20,

Number of above-normal rainfall years chosen as sample (n) = 15,

Minimum number of observed El Nifio years out of this sample to establish the
fact that El Nifio events are associated with above-normal rainfall (x) = ?

Now according to the example, the threshold probability to establish the fact that
El Nifio events are associated with above-normal rainfall is given as 0.95, hence

P(X <x)>095

200 (32-20) Cits—x)

or. > 0.95
b 32 —_—
= Cis
x 2()C 12C
X (15—x)
or, S 2095
x=1

By solving the above equation by trial and error, x = 12.

For the second part of the example, following data are given,

Total below-normal rainfall years (N) = 31,

Total no of La Nifia years (k) = 13,

Number of below-normal rainfall years chosen as sample (n) = 15,

Minimum number of observed La Nifia years out of this sample to establish the
fact that La Nifia events are associated with above normal rainfall (x) =?

Now according to the example, the threshold probability to establish the fact that
La Nifa events are associated with above-normal rainfall is given as 0.95, hence
P(X <x)>0.95

X B0 G5
MCs

> 0.95

or,
x=1
x

13Cx18C(15—x) -

0.95
310

or,

x=1

By solving the above equation by trial and error, x = 9.
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4.1.5 Geometric Distribution

Basics: Geometric distribution is another discrete probability distribution of a ran-
dom variable that defines the number of trials to get the first occurrence of a particular
event in a Bernoulli process. Thus, the interpretation could be as follows:

Random variable: The number of trials (X) in the sequence of a Bernoulli process
to get the first occurrence.

Parameters: p, where p is the probability of occurrence.

Probability mass function: py (x : p) =p (1 — p)*~! forx=1, 2,...,n

Descriptions: The probability that the first success of a Bernoulli trial occurs on
the xth trial can be found using the geometric distribution. In order to attain the
first occurrence on the xth trial, there must be (x — 1) preceding trials whose out-
come is non-occurrence. Since the successive outcomes in the Bernoulli process are
independent, the desired probability distribution is given by:

pe(x:p)=pd —p)y! forx=1,2,...,n 4.21)

The CDF is expressed as,
X
Fo(x;p) =) pu(is p) (4.22)
i=1

The mean, variance, and coefficient of skewness of the geometric distribution are as
follows:

E(x) =1 (4.23)
p
Var (x) = I;”) (4.24)
y = 2-p (4.25)
I—p

Applications: Application of geometric distribution is also general. Wherever the
calculation involves, consecutive non-occurrences and/or first occurrence of any
hydrologic events, such as embank overtopping, cyclones, extreme rainfall, geo-
metric distribution is used.

Example 4.1.11

A dam is constructed across a river to prevent the flooding in the downstream region.
What is the probability that a 20-year flood will occur for the first time in the 10th
year after the completion of the project? What is the probability that the same will
not occur at least within 10 years?
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Solution Using the geometric distribution, the probability that the first occurrence
is in the tenth 10th year is,

Py = (10, 0.05) = (0.05) (0.95)° = 0.031

This is explained as nine consecutive non-occurrences followed by 1 occurrence.
These events are independent to each other, so the probability is obtained by multi-
plying these individual probabilities.

The probability that it will not occur at least within 10 years can also be interpreted
as non-occurrence in the first 10 years.

(0.95)'° = 0.599

4.1.6 Poisson Distribution

Basics: Poisson distribution is a discrete probability distribution of a random variable
that describes the probability of a particular number of events occurring within a fixed
time interval. Thus, the interpretation could be as follows:

Random variable: The number of occurrences (X) of an event (outcomes of a

Bernoulli Process) in a fixed interval of time.

Parameters: )\, also known as the shape parameter, indicates the average number

of events per unit time interval or the expected number of occurrences of the event.

Probability mass function: py (x; A) = )\x% forx=0,1,...; A>0
Descriptions: Let us consider a Bernoulli process defined over an interval of time,
and let p be the probability of occurrence of an event in a particular interval of time. If
the time interval becomes shorter, the probability of occurrence of the event (p) in the
interval also becomes smaller; on the other hand, the number of trials (n) increases. As
aresult, np (denoted by \) remains constant, i.e., the expected number of occurrences
in a time interval remains the same. In such case, the binomial distribution approaches
to a Poisson distribution and is given by:

e—)\

px(x;/\)=/\x—' forx=0,1,...; >0 (4.26)
x!

The mean, variance, and coefficient of skewness of the Poisson distribution are as
follows:
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E(X)=\ (4.27)
Var (X) = A (4.28)
y= A2 (4.29)

A process is defined as a Poisson process if the events occurring over time/area/space
satisfy the three assumptions;

(i) The number of events occurring in disjoint time intervals is independent.
(i) The probability of a single occurrence in a small time interval is proportional
to the length of the interval.
(iii) Probability of more than one occurrences in a small interval is negligible.

Applications:

Thunderstorm and Hail days Probabilities: Number of occurrences of the rare
events like thunderstorm and hail days during certain period may fit the Poisson
distribution. Whether the occurrences of such events are changed over time can
be checked through parameters of this distribution.

Tropical cyclone frequency distributions: The occurrence of cyclones and hur-
ricanes in a year is identified as a rare event. Poisson distribution shows good
statistical fit with the annual frequencies of these events.

Number of rainy days in a particular monsoon month: Number of rainy days in
a particular month can be modeled using Poisson distribution. Sometimes, the
characteristics of monsoon with respect to number of rainy days may change at a
location over time due to climate change. Such investigation can be done through
the distributional properties over two time periods using Poisson distribution.

In fact, any such similar application as mentioned above can be modeled using
Poisson distribution.

Example 4.1.12
What is the probability that a flood with return period 10 years will occur once in 4
years?

Solution Probability of occurrence of a flood with return period 7 = 10 year is
1/10=0.1

This example can be solved assuming two distributions—Binomial and Poisson
distributions.

Using Binomial distribution

The probability of single occurrence (x = 1) of 10-year flood (p = 0.1) in 4 years
(n=4),

p(x=1)="C,p*(1—p)"* =*C, (0.)' (1 —0.1)> =0.292
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Using Poisson distribution

Expected number of 10-year flood (p = 0.1) in 4 years (n = 4)is A = np =
4%x0.1=04
The probability of single occurrence (x = 1) of 10-year flood,

de™ _ 0.4¢704
x

=0.268

px(x=1)=

It can be noted that both the distributional assumptions provide approximately same
answer.

Example 4.1.13
What is the probability of fewer than 2 occurrences of a 10-year storm in a 50-year
period?

Solution Using the Poisson distribution, expected number of 10-year storm (p =
0.1) in 50 years (n = 50), A =np =50 x 0.1 =5
Thus, probability of fewer than 2 occurrences of 10-year storm in a 50 year

1 Y 1 -5 0,-5 1,-5

Me 5%e 5Ve 5'e

=Prob(x <2)=Prob(x < 1) = EO 0 = EO 0 = ol T
x= xX=

Therefore, the probability is 0.04.

4.2 Continuous Probability Distributions

If a random variable can take any possible real value from the range of real num-
bers, its probability distribution is called a continuous probability distribution (see
Sect.2.5.2). Let X be a random variable representing the annual streamflow at a par-
ticular station. It can take any possible value from 0 to co. Such random variables (X)
will follow a continuous probability distribution. In this book, continuous probability
distribution functions are referred as probability density function (pdf) and denoted
as fy(x). In the following section, we will explain some of the most commonly used
continuous probability distributions.

4.2.1 Uniform Distribution

Basics: Uniform distribution is the simplest and symmetric continuous probability
distribution function. It is defined over a range (known as support) such that its
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Fig. 4.1 Probability density
function of uniform
distribution with parameters
aand 8

Ya-p) F——————

S

occurrence is equally possible (equiprobable) over any subinterval of same length
within the support. Thus, the interpretation could be as follows:

Random Variable: X that is equiprobable over any subinterval of same length
within its support.

Parameters: o and (3, where « and 3 are the minimum and maximum limit of the
support respectively.

Probability density function: fy (x) = ﬁ a<x<p

Descriptions: Let us consider a continuous random process restricted to a finite
interval [, (3], and the probability of an outcome lying within a subinterval of [«, (]
is proportional to the length of the subinterval. Such processes are said to be uniformly
distributed over the interval o to 3 as shown in Fig.4.1. The probability density
function for the uniform distribution is as follows:

fﬂﬂ=—i— a<x=<pf (4.30)
08—«

The cumulative density function for the continuous uniform distribution is as follows:

X —«

Fy(x) = a<x<p (4.31)
08—«
The mean, variance, and coefficient of skewness of the uniform distribution are,
= CF (432)
N2
Var (X) = (51—204) (4.33)

v=0 (4.34)
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Applications:

General application: Many a times, random numbers are generated in hydrologic
simulation. A random number is uniformly distributed over 0-1.

Statistical test: In statistical analysis, p-value is commonly utilized to assess the
significance of a statistical test (refer to Chap.6). The p-value is uniformly dis-
tributed between O and 1 if the null hypothesis is true and distribution of the test
statistic is continuous.

Example 4.2.1
What is the probability of getting a number between 50 and 60 from a uniformly
distributed series with support O to 100?

Solution Interval of probability distribution is 0—100. Thereby, density of probability

is,
1 1

100—0 _ 100

fx (x) =

Interval of probability distribution of success event is 50—60.
The probability ratio is thereby

10
P(50<x<60)= -5 =01

Hence, probability of getting a number between 50 and 60 is 0.1.

Example 4.2.2

Number of hurricanes at a location per year is found to vary between 0 and 10 over last
50 years. If it is assumed to be uniformly distributed between these two limits, what
is the probability of getting more than six hurricanes at that location in a particular
year?

Solution Interval of probability distribution is 0—10. Therefore, the probability den-
sity function,

1 1
fr(x) = IO—O_E

And the cumulative probability distribution function is

F, (x) x—0 X
X) = = —_—
X 10—-0" 10

Interval of probability distribution of success event is 7-10.
Thus, the probability of getting more than six hurricanes at the location in a
particular year is
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7 3
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4.2.2 Exponential Distribution

Basics: Exponential distribution is a continuous probability distribution that may
take any value between 0 and oo, with higher probability of occurrence for lower
values. It is an asymmetric distribution. The interpretation could be as follows:

Random Variable: The time (X) between two successive events, occurrences of
which follow a Poisson process. It can also be spatial length (X) between two
events if the events occur over space.

Parameters: )\, also known as the rate parameter, which is the average interarrival
time (or space) between two successive events.

Probability density function: f, (x) = e forx >0, A>0

Descriptions: Let us assume that the interarrival times of an event are being noted.
The event follows a Poisson process as discussed in Sect.4.1.6

Since the probability that the event occurs during a certain time interval is propor-
tional to the length of that time interval, it follows an exponential distribution. The
continuous probability distribution of the interarrival time, i.e., the time between the
occurrences of two successive events, can be evaluated by noting the P (X <¢) is
equalto 1 — P (X > t). Thus, the CDF is

Fe(x)=1—eM forx > 0 (4.35)

and the corresponding probability density function is given by:

d
fo(x) = d—FX (x) = Ae™™ forx >0, A\ >0 (4.36)
X

The mean, variance, and coefficient of skewness of the exponential distribution are
as follows:

1
EX) = 3 4.37)
Var (X) = % (4.38)
=2 (4.39)

Applications:

Temporal: The interarrival time of hydrologic and other natural events like rainy
day (>2.5 mm of rainfall in a day), earthquake, hurricane.
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Categorical: Rainfall depth over different categories (0—10 mm, 10-20 mm, and
SO on).

Spatial: Many a times, variation of rainfall intensity from a rain gauge to any radial
direction is considered to follow exponential distribution.

Example 4.2.3

Daily rainfall was recorded at a particular location for a period of 1 year. The data
for rainy days are grouped into magnitude and number of days. The grouped data is
presented in the following table. Plot a relative frequency histogram of the grouped
data. Fit the exponential distribution to the histogram. Estimate the probability that
a day selected in random will have rainfall greater than 45 mm.

Rainfall (mm) Rainy Days Rainfall (mm) Rainy Days

0-10 90 50-60 5
10-20 49 60-70 3
20-30 34 70-80 2
30-40 17 80-90 1
40-50 13 90-100 1

Solution The relative frequency can be calculated by dividing the number of rainy
days in each class with the total number of rainy days. These are the observed relative
frequencies.

The best-fitted exponential curve can be fitted by the following method. The
expected relative frequency in each class can be calculated as,

S = Axipy (xi)
Here, Ax; = 10 and x; is the midpoint of each class interval.
Using exponential distribution,

px (X)) = de™™

with A = 1/x. The magnitude of X can be calculated using the expression to evaluate
the mean for grouped data.

_ 1

X = — n;Xx;

nia

where n in the total number of events and k is the total number of class intervals.
Here, n = 215 and k = 10. Therefore, x = 18.674 and corresponding A = 0.054.
The expression for py (x;) is
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Py (x;) = 0.054 x 700333
and the expression of expected relative frequency is

fr =10 x 0.054 x 0053
Histogram plot of observed relative frequency of the data and the best-fitted expo-
nential distribution is shown in Fig.4.2.

The estimated probability that a day will have rainfall greater than 45 mm is,

Px(X >45)=1— Py (X <45) =1 — (1 — ¢ %%"%) = 0.088

4.2.3 Normal Distribution

Basics: Normal distribution, also known as Gaussian distribution or bell curve, is a
continuous probability distribution. The interpretation could be as follows:

Random Variable: A continuous variable (X) that can take any value in the real
line with a symmetrical (with respect to its mean) bell-shaped distribution of
probability.

Parameters: ;. and o2, where p is the mean and o2 is the variance.

Probability density function: fy (x; 1, 02) = ﬁe‘o‘_“)z/z"z —00 <X <00

Descriptions: Normal distribution is the most frequently used continuous probability
distribution function. When mean is zero and variance is 1, the distribution is called
as standard normal distribution. A pdf of standard normal distribution is shown in
Fig.4.3. It can be noticed that it is symmetrical with respect to mean and the typical
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Fig. 4.3 Bell-shaped pdf of 0.45
standard normal distribution 04l
0.35 |

03 r

Fe)

0.2

0.15

0.1 r

0.05 -

shape is known as a bell-shaped curve. The line of symmetry and the shape will
change depending on the values of mean and variance, respectively.
The pdf of the normal distribution is given by:

1

7(x7#)2/202 _
We 00 <X <00 (4.40)

filxp0?) =

The CDF of the Normal Distribution is given by:

=

) 1
A = [ s

—00

e~ = [20% g —00 <X <00 (4.41)

As stated before, the mean and the variance of the distribution are 1 and % respec-
tively, and the coefficient of skewness is 0, as it is a symmetric distribution.

Some properties:

(1) If X is normally distributed with mean p and standard deviationo, Y = aX +b
is another random variable that also follows normal distribution. However, the
mean and standard deviation of Y are ap + b and ao.

(i) Central Limit Theorem: The central limit theorem (CLT) specifies the condi-
tions under which a random variable might be expected to follow a normal dis-
tribution. Under general conditions, it can be stated thatif X; (i = 1,2,...,n)
are n different independent and identically distributed (popularly known as iid)
random variables with E(X;) = y; and Var(X;) = crl.z, then the sum of the ran-
dom variables S, = X; + X, + - - - + X,, approaches to a normal distribution
as n approaches infinity. The mean and variance of S, are as follows:
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Hs, =D (4.422)
i=l

o5, =Y o} (4.42b)
i=1

This generalized theorem is applicable irrespective of the parent distribution,
i.e., distribution of X;’s. This is an attractive property to apply CLT in many
fields of applications including hydrology and hydroclimatology.

In practical cases, if X; are independently and identically distributed, n does
not have to be very large for S, to approximately follow normal distribution. If
interest lies in the central part of the distribution, even small number of values
can result into normal distribution producing reasonable approximations to the
true distribution of S,,. If interest lies in the tail of the distribution of S,,, a large
number of values are required.

Evaluation of probability for Normal distribution:

Since the normal probability distribution cannot be integrated in closed form
(Eq.4.41) between two limits, say a to b, the probabilities related to normal distribu-
tion are generally computed numerically. These values are provided in Table B.1 in
Appendix B at the end of the book (p. 434). This table pertains to standard normal
distribution, i.e., the normal distribution with ¢ = 0 and 0 = 1, and its entries are
the values of,

F,(2)=P(Z<7) = /241 (4.43)

1 Z
N f_oo ‘
where z = *=£. From the properties 1 (mentioned above), if X follows normal
distribution with mean g and standard deviation o, Z follows standard normal dis-
tribution. As stated in Eq. 4.43, the table provides cumulative probability value from
left extreme (—o0) to z.

To find the probability that a random variable having the standard normal distri-
bution will take on a value between a and b, we use the equation P (a < Z < b) =
F (b) — F (a) as shown in the Fig.4.4.

If a random variable X follows normal distribution with mean y and variance o2,
then a random variable Z given below follows normal distribution with mean 0 and
variance 1, i.e., the standard normal distribution.

X_
z=2"F

(4.44)
ag

Thus, when X follows normal distribution with mean y and variance o2, the proba-
bility of X being between p and g is given by,
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Fig. 4.4 The standard 0.45
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o o
This probability is indicated by the shaded area in Fig.4.4 if (%) = b and

(PT:“) = a. An example is shown later on how to use the standard normal table
to compute the values.

Applications: In hydrology and hydroclimatology, many variables may be found
to follow normal distribution, e.g., temperature, relative humidity, wind velocity.
The distribution of long duration river discharge or rainfall, e.g., monthly and yearly
totals, is often found to follow normal distribution. Moreover, many statistical meth-
ods are developed under the assumption that the sample data follows normal distribu-
tion. However, many of the hydrologic variables may not follow normal distribution.
Sometimes, some transformation techniques (discussed in Chap.9, Sect.9.6) are
applied on these data so that transformed data follows normal distribution. Statisti-
cal inferences are made based on these transformed data.

Example 4.2.4
Considering mean daily temperature (X) at a location to follow normal distribution
with mean 10 °C and standard deviation 5 °C,

(a) What is the probability of the mean daily temperature to be between 15 °C and
24 °C?
(b) What is the probability of the mean daily temperature is greater than 5 °C?
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(c) What is the probability of the mean daily temperature is less than 20 °C?

Solution Using standard normal distribution, we can transform the limits of X to
limits of Z and then use standard normal tables.

(@) x = 15 transforms to z = = = % =1

Similarly, x = 24 transforms to z = 24;—10 =238
From Table B.1, it can be seen that F,(1) = 0.841 and F,(2.8) = 0.997. Thus,
the probability is,

PUS<X<24)=P(1<Z<28) =F,(28) —F, (1) =0.997 — 0.841 = 0.156

(b) x =5 transforms to z = 351% = —1

Thus, the desired probability is,

P(X>5=1-P(X<5)

X—p 510
=1—P< “5—)

o 5
=1—-P(Z<-1)
=1-F, (-1

=1-0.159 =0.841

(c) x =20 transforms to z = w =2

X—p 20-10
P(X <20)=P <

- 5
=P(Z<2)

—F, ()

=0.977

4.2.4 Lognormal Distribution

Basics: Lognormal distribution is a continuous probability distribution of a random
variable which is such that its logarithmic transformation follows a normal distribu-
tion. Thus, the interpretation could be as follows:

Random Variable: A random variable (X) that can take only positive values, asym-
metric (positively skewed) and its logarithmic transformation ensures a normal
distribution.



118 4 Probability Distributions and Their Applications

Parameters: o and [3, where « is the mean and (3 is the variance of the logarithmic
transformation of the random variable.

1 _ (lnxfzzy)z
——e ¥ forx >0, >0
Probability density function: fy(x) = { /276 f

0 elsewhere

Descriptions: The product of many independent random variables each of which is
positive may result in a lognormal distribution. This is justified by considering the
central limit theorem (as discussed earlier) in the logarithmic domain. The probability
distribution of lognormal distribution is as follows:

| _(m;;.)z f 0 0
fo=1x o orx >0, o, > (4.46)

0 elsewhere

where In x is the natural logarithm of x. The probability that a random variable having
a lognormal distribution will lie between a and b (0 < a < b) is given by,

_ (ln,\—u)z

P(a<x<b) 7 dx (4.47)

b
= —e¢
/a X~/ 232
Now, considering y = In (x) and identifying the integrand as the normal density
with ¢ = « and o = 3, the desired probability is given by,

Pla<X<b)y=P(na<InX <Inb)
=P(na <Y <Inb)
Inb

/ 1 _o-? J
— e 232 y
V232

Ina

In(b) — a) <1n(a) — a)
—p (22 _p (R 4.48
("5 5 49

where F is the cumulative distribution function of standard normal distribution.
Typical pdf curves of the lognormal distribution with different combinations of «
and 3 are shown in Fig.4.5. It is very clear from the graph that the distribution is
positively skewed.

The mean, variance, and coefficient of skewness of the lognormal distribution are
as follows:

o= e(<x+“62/2) (4.49)
o? = (¢ —1) eCot) (4.50)

= (eﬁz + 2) Ve —1 (4.51)
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Applications: The lognormal distribution is mostly applicable for hydrologic vari-
ables like monthly rainfall depth, river discharge volumes. The lognormal distribution
is used to determine the extremes of variables at monthly and annual scales.

Example 4.2.5

Peak discharge at a particular river gauging station is found to have a mean of
130 m?*/s and standard deviation of 30 m?/s. Considering the peak discharge to
follow lognormal distribution evaluated the following,

(a) Probability of peak discharge being greater than 180 m?/s.
(b) Probability of peak discharge lying in between 120 and 150 m?/s.

Solution Given x = 130 and Sx = 30.
As the peak discharge follows lognormal distribution, the parameters (y and Sy)
can be evaluated from the sample statistics (x and S, ) as follows,

S
c, =X —-0231

X

72
y=-=1 = 4.841
Y n[C&H}

Sy =/In(C2+1) =0.228

(a) For x = 180, the reduced variate is,

_y Inx—75 Inl180—4.841
z=2—Y_1n"x7y_ 0N — 1.544
Sy Sy 0228




120 4 Probability Distributions and Their Applications

The probability of peak discharge being greater than 180 m3/s can be evaluated
as follows: P (Y >1In 180) =1 — P(Z < 1.544) =1 —0.939 = 0.061
(b) For x = 120 and 150, the corresponding reduced variate are,

~F Inx—3 Inl120—4841
z, =22 _2*x7y_ 13 — 0232
Sy Sy 0231

Similarly In 150 — 4.841
n — 4.

)= =0.734
0.231

The probability of peak discharge lying in between 120 and 150 m?/s can be
evaluated as follows,

P(In 120 <Y <1n 150) = P (—=0.232 < Z < 0.734) = 0.360

4.2.5 Gamma Distribution

Basics: Gamma distribution is a continuous probability distribution that is positively
skewed over the positive side of the real line. The interpretation could be as follows:

Random Variable: A continuous, positively skewed random variable (X) that takes
nonnegative values only.
Parameters: « and 3 are the shape and rate parameters respectively.

. . . —3011 )x“’le’xm forx >0, a>0,5>0
Probability density function: f,(x)={ 7'T@
0 elsewhere

Descriptions: The gamma distribution can be treated as the sum of exponentially
distributed random variables each with the same parameter. The parameter « is
the number of random variables following exponential distribution and 3 is the
parameter of the exponential distributions. Gamma distribution has the probability
density function as follows:

1 xa—le—x/ﬂ forx >0, a >0, /8 >0

fr(x) = { g"”(” (4.52)

elsewhere

where () is the value of the gamma function defined by,

W(a):/ x® e dx (4.53)
0

integrating by parts results in,
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Table 4.1 Values of gamma function, vy («) for a € [0, 1]

(a) for a € [0.1, 1]

@ 0.00 0.01 0.02 0.03 0.04 |0.05 0.06 0.07 0.08 0.09
0.0 00 99.43 |49.44 |32.78 |24.46 |1947 |16.15 |13.77 |12.00 |10.62
0.1 9.51 8.61 7.86 7.23 6.69 6.22 5.81 5.45 5.13 4.85
0.2 4.59 436 | 4.15 3.96 3.79 3.63 3.48 3.34 3.22 3.10
0.3 2.99 2.89 2.80 2.71 2.62 2.55 2.47 2.40 2.34 2.28
04 2.22 2.16 2.11 2.06 2.01 1.97 1.93 1.88 1.85 1.81
0.5 1.77 1.74 1.71 1.67 1.64 1.62 1.59 1.56 1.54 1.51
0.6 1.49 1.47 145 1.42 1.40 1.38 1.37 1.35 1.33 1.31
0.7 1.30 1.28 1.27 1.25 1.24 1.23 1.21 1.20 1.19 1.18
0.8 1.16 1.15 1.14 1.13 1.12 1.11 1.10 1.09 1.09 1.08
0.9 1.07 1.06 1.05 1.05 1.04 1.03 1.02 1.02 1.01 1.01
(b) for a € [0, 0.1]
«a 0.000 |0.001 |0.002 |0.003 |0.004 |0.005 |0.006 |0.007 |0.008 |0.009
0.0 00 999.42 |1499.42 |332.76 | 249.43 | 199.43 | 166.10 | 142.29 | 124.43 | 110.54
0.01 99.43 90.34 | 82.77| 7636 | 70.87 | 66.10 | 61.94 | 58.26 | 55.00 | 52.07
0.02 |49.44 47.06 | 4490 | 4292 | 41.11 | 3945 | 3791 | 3649 | 35.16 | 33.93
0.03 32.78 31.71 | 30.70 | 29.76 | 28.87 | 28.03 | 27.24 | 26.49 | 25.77 | 25.10
0.04 24.46 2385 | 2327 | 22.72| 22.19| 21.69 | 21.21 | 20.74 | 20.30 | 19.88
0.05 19.47 19.08 | 18.70 | 1834 | 17.99 | 17.66 | 17.33 | 17.02| 16.72 | 16.43
0.06 16.15 15.87 | 15.61 | 1535| 15.11 | 14.87 | 14.64 | 1441 | 14.19 | 13.98
0.07 13.77 13.57 | 13.38 | 13.19| 13.00 | 12.83 | 12.65| 12.48 | 12.32| 12.15
0.08 12.00 11.84 | 11.69| 11.55| 1140 | 11.27 | 11.13| 11.00 | 10.87 | 10.74
0.09 10.62 1049 | 1038 | 10.26 | 10.15 | 10.04 9.93 9.82 9.72 9.61

y(@ =(a-Dy(a—-1) (4.54)

andy (o) = (o — 1) ! when «vis a positive integer excluding 1. The value of v (1) = 1
and v (0.5) = /7. For a between 0 and 1, values of y(«) can be found from any
standard gamma function table (Table4.1).

Shape of gamma distribution is shown in Fig. 4.6 for different combinations of «
and 3. The graphs shown in the figure exhibit that gamma distributions are positively
skewed and the skewness decreases as « increases for any fixed value of 3. It may
also be noticed that the exponential distribution is a special case of gamma distri-
bution with o = 1. The mean, variance, and coefficient of skewness of the gamma
distribution are given as follows:
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o’ =af? (4.56)
2

1= (4.57)

Applications: In hydrology, the gamma distribution has the advantage of having only
positive values, since hydrological variables such as rainfall and runoff are always
positive and lower bounded by zero.

Example 4.2.6

Engineers designed a hydroelectric power station with two pumps—one active and
the other in reserve. If the primary pump malfunctions, the second is automatically
brought to use. Suppose in a typical day, it is expected that the pump runs for 10h.
According to the specification of the manufacturer, the pumps are expected to fail
once every 100h. What are the chances that such a pump system fails to last for 8
days, i.e., 80h?

Solution The average number of failures in a 100h interval is 1. Therefore, the
mean of interarrival time between two failures is 1 / A or 100h. Interarrival time
between two successive failures for each pump is expected to follow an exponential
distribution with A = 1/100. Since the system failure indicates the simultaneous
failure of both the pumps, the interarrival time for the system failure can be assumed
to follow gamma distribution with = 2 and 8 = 100. Knowing this, let ¥ denote
the time elapsed until the system failure (failure of both the pumps). The probability
density function of Y is as follows:

1 1
_ —y/100, 21 _ —y/100
5O = Toor )¢ 10000° ¢
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Therefore, the probability that the system fails to last 80h is,

80
P(Y <80)=F, (y=80) = / y x e /104y
0

10000

Solving it by integration by parts

1 _ 1 o dy .
10000/y x ey = 15050 y/e )/loody_/@ (/e )/loody> dy]
1 - o= /100 o= /100
— — [ d
10000 | —1/100 / (—1/100) y}
1 [ /10 o~ ¥/100 :|

10000 | Y =1/100 ~ (=1/100)®

e y/100 e ¥/100

80
e - =0.191
Y 17100 (_1/100)2]0

Thus, P (Y < 80) = [

4.2.6 Extreme Value Distribution

Extreme value distribution is a continuous probability distribution used for the
analysis of extreme values. The extreme values from a set of random variables can
also be assumed to be random. The probability distribution of these extreme values
depends on the size of the sample (n) and the distribution from which the sample is
drawn. Considering a random sample of size n, let Y be the largest of the sample
values.

Now, P(Y = y) = F,(y) and P(X; < x) = Fy (x)

Hence, F,(y) = P(Y < y) = P(all possible values of x < y)

If the x’s are independently and identically distributed, we have,

F () =[FcOI" (4.58)
dF, .
()= % =n[F, I fi () (4.59)

However, the parent distribution from which the extreme value is observed is not
known and cannot be determined. In such cases, if the sample size is large, we can
use certain general asymptotic results that depend on limited assumptions concerning
the parent distribution of extreme values. Three types of asymptotic distributions have
been developed based on different parent distributions, and they are as follows:

(i) Type [—Parent distribution unbounded in direction of the desired extreme, and
all the moments of the distribution exist.
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(i) Type II—Parent distribution unbounded in direction of the desired extreme, and
all the moments of the distribution do not exist.
(iii) Type III—Parent distribution bounded in the direction of the desired extreme.

In the field of hydrology, many times interest exists in the extreme values of a
particular event especially in the cases of flood and drought. The extreme value
distribution is specifically used for description of such tail-risk values. Some of such
frequently used distributions in hydrology and hydroclimatology are discussed in the
following sections.

Example 4.2.7

Assume that time between rains follows an exponential distribution with a mean of 5
days. Also assume that time between rains is independent from one rain to the next.
Irrigators might be interested in the maximum time between rains. Over a period of
15 rains, what is the probability that the maximum time between rains is 9 days?

Solution Since the parent distribution is known, we may use Eq.4.58.
Fifteen rain events mean 14 inter-rain periods or n = 14. From Eq.4.58, the
probability that the maximum inter-rain time is less than 9 days is,

PY =9=F©O=[FW®MI

. . s s . . 1

Using exponential distribution, i.e., A = *=5
—vA _9

Fr)=1-e¢"=F@O=1-¢>

Thus,
P <9 =[FI"=[1-¢]"=008

Therefore, the probability that the maximum inter-rain time will be greater than 9 is
=1-0.08=0.92.

Extreme Value Type I (Gumbel Distribution)

Basics: Extreme value type I (EV-I) distribution, also known as Gumbel distribution,
is a limiting probability distribution which is used to model the maximum or mini-
mum values from a sample of independent, identically distributed random variables,
as the size of the sample increases. Thus, the interpretation could be as follows:

Random Variable: A continuous random variable (X) which is the maximum/min-
imum of a number of samples of various distribution (e.g., normal or exponential).
Parameters: « and (3 are the scale and location parameters, where 5 — a.In (In 2)
is the median of the distribution and (3 is the mode of the distribution.
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Probability density function: fy (x) =exp [:F(x - ﬂ)/a — exp (:F(x — ﬁ)/oz)] /a
where —o0 < x < 00; —00 < 3 < 00; a > 0. The —ve sign implies maximum
value, and the +ve sign implies minimum value.

Descriptions: The EV-I distribution for maximum/minimum values is the limiting
model as n approaches infinity for the distribution of the maximum/minimum of »
independent values from an initial distribution whose right/left tail is unbounded,
that is, the initial cumulative distribution approaches unity (zero) with increasing/
decreasing values of the random variable at least as fast as the exponential distribution
approaches infinity. The normal, lognormal, exponential, and gamma distribution all
meet the requirement for the maximum values, whereas only normal distribution
satisfies the conditions for minimum values.
The probability density function of the EV-I distribution is as follows:

1
fi () = —exp [F&x =B /a—exp(F(x — ) /)] (4.60)

where —0o0 < x < 00; —00 < f < 00; & > 0. The —ve sign implies maximum
value, and the +ve sign implies minimum value. The CDF of the EV-1 is as follows:

Fy (x) = exp[Fexp (F(x — B)/a)] (4.61)

where —0o < x < 00; —00 < < 00; & > 0. The —ve sign implies maximum
value, and the +ve sign implies minimum value. The parameters « and 3 are scale and
location parameters with § being the mode of the distribution. The mean, variance,
and the skewness coefficient are as follows:

E(X)=3+05T2a (4.62)
Var (X) = 1.6450° (4.63)
v = +1.1396 (4.64)

where +ve sign implies maximum, and —ve sign implies minimum.

Applications: In hydrology, the Gumbel distribution is used to analyze variables
such as monthly and annual maximum values of daily rainfall or river discharge
volumes. It is also used in the frequency analysis of floods.

Example 4.2.8

In a certain stream, the annual maximum daily discharge follows Gumbel distribution
with mean value of 12000 m?/s and standard deviation of 4000 m3/s. What is the
probability that the annual maximum daily discharge will exceed 16000 m?/s? What
is the magnitude of annual maximum daily discharge with a return period of 100
years?
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Solution As given, annual maximum daily discharge (X) follows Gumbel distribu-
tion. The mean and the standard deviation of the distribution are given as 12000 and
4000 m?/s, respectively. The parameters o and 3 can be calculated as follows,

We know Var (X) = 1.64502

40002

=3118.7
1.645

> a =

Also, E (x) = 84+ 0.5772«
12000 = B 4+ 0.5772 x 3118.7

6 =10199.88

The required probability can be evaluated as,
Fy (x > 16000) = 1 — Fy (x < 16000) = 1 —exp (— exp (—(16000 — 10199.88) /3118.7)) = 0.144

The probability that the annual maximum daily discharge will exceed 16000 m®/s is
0.144.

Let the magnitude with return period 100 years be x.

Then, the P (X > x) = 1/100 = 0.01, hence,

P(X>x)=1-—P(X <x)
— 10199.88
or, | —exp| —exp —u = 0.01
3118.7
or, x = 24546 m>/s

Extreme Value Type III (Weibull Distribution)

Basics: In general, extreme value type III (EV-III) distribution can be utilized for
the extremes in the direction toward which the parent distribution is limited. It is
generally used for minimum values in hydrology and hydroclimatology. EV-III for
minimum values is also known as Weibull distribution . The interpretation could be
as follows:

Random Variable: A continuous random variable (X) which is the minimum of a
sample from an asymmetric distribution and takes nonnegative values.
Parameters: « and 3 are the scale and location parameters.

Probability density function: f, (x) = ax®~!3 %exp [— (x/ﬁ)a] x > 0;q,
6>0
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Descriptions: The nature of the distribution varies with the change in the shape and
scale parameters. Figure 4.7 shows the variation of the nature of the distribution
keeping the value of a constant and varying value of 3.

The pdf and CDF of the Weibull distribution are given as follows:

fe(x) = ax*' % exp[— (x/5)"] x>00,8>0 (4.65a)
Fe(x)=1—exp[—(x/B)"] x>0;0,3>0 (4.65b)

The mean, variance, and the coefficient of skewness are as follows:

EX)=pT(1+1/a) (4.66)
Var (X) = [T (1+2/a) —T*(1+1/a)] (4.67)
T +3/a) =371 +2/a)T (1 +1/a) 42131 + 1 /)

(4.68)
[P +2/0) -T2 +1/a)]?

where I" (e) is the gamma function as described before (Sect.4.2.5). Sometimes, in
a few applications, the lower bound may not be zero. In such cases, a displacement
parameter (¢) must be added to the EV-III distribution for minimums, and the density
function becomes:

fr@=a@-" B exp[-{(x—a)/(B-9)]}"] (4.692)
Fe(x)=1—exp[—{(x—2)/(B—2)}"] (4.69b)

Equations 4.69a and 4.69b are also known as three-parameter Weibull distribution.
The corresponding mean and variance are as follows:
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EX)=e+B-9Td+1/a) (4.70)
Var (X)=(B—¢e[T1+2/a) —T*(1 +1/a)] 4.71)

The coefficient of skewness is again given by Eq.4.68.

Applications: The Weibull distribution can be used most efficiently in hydrology
for analysis of low flows in the rivers, as the low flows are naturally lower bounded
by zero.

4.2.7 Beta Distribution

Basics: Beta distribution is a continuous probability distribution that represents
outcomes for percentages or proportions over an interval, parameterized by two
shape parameters. Thus, the interpretation could be as follows:

Random Variable: A continuous random variable (X) which is generally defined
within the interval [0, 1].

Parameters: o and 3 are the shape parameters.

Probability density function:

£ () %}r%xa’l(l—)c)’g’1 forO<x <1l,a>0,0>0
x) = ;
¥ elsewhere

Descriptions: Beta distribution has both upper and lower bounds. Thus, if a random
variable takes values specifically in the interval (0,1), one choice of probability den-
sity can be beta distribution. However, the beta distribution can also be transformed
to any interval (a, b). The shape parameters of the distribution vary with the nature of
the distribution and are shown in Fig. 4.8. Sometimes, if the limits of the distribution
are unknown, it becomes a four-parameter distribution.

Considering the usual case of limits as 0 and 1, the density function is as follows:

Ia+8) _a— 3-1
o) = I‘(oj[‘(ﬁ)x '1=x)%" for0<x<1l,a>0,6>0 412
0 elsewhere

The mean, variance, and coefficient of skewness of the beta distribution are given
by,

E(X) =

o
@t (4.73)

of

\% X) =
ar 0 (a+ A @+ p+1)

(4.74)
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Applications: The beta distribution has been applied to model the behavior of random
variables limited to intervals of finite length, for example, volumetric soil moisture
content that varies between 0 and 1.

Example 4.2.9

Fifty soil samples are collected from a region and tested in the laboratory for soil
moisture content. The data is found to have a mean value of 0.375 and standard
deviation of 0.361. If the data follows a beta distribution, develop the probabilistic
model for the data. What is the probability of the soil moisture content being below
permanent wilting point (PWP), which is 0.11 for that location?

Solution As given, soil moisture (X) follows beta distribution. The mean and the
variance are given as 0.375 and 0.361 respectively. The shape parameters (o, [3) of
the beta distribution can be evaluated as follows,

E(X)=—2
(a+0)
[0
0.375 =
- @+ 9
Var (X) = zaﬁ
@+ B8 @+5+1)
0.3612 of

T @+ B @+B8+1)

Solving these equations simultaneously, we get « = 0.3 and 3 = 0.5.
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Thus, the probabilistic model for the data can be written as follows:

LO310.9) 0.5-1 (1 — x)?371 for0<x <1,a>0,3>0

f(x)= {F(O.3)F(0.5)
0

elsewhere

Next, solving numerically,

01 103405
P(X <0.11) = F, (0.11):/ ¥x0'3_1(1

—x) 1dx =0.382
o TI'(©0.3)Tr (0.5

So, the probability of soil moisture being below the PWP is 0.382.

4.2.8 Pearson and Log-Pearson Type III Distribution

Basics: Pearson type III distribution is a continuous probability distribution. The
interpretation could be as follows:

Random Variable: A continuous random variable (X) is such that the distribution
is skewed and the mode of the data is at zero.
Parameters: « and 3 are the scale and shape parameter, respectively.

oqe . . /\\/f(x_s)gfle—/\(x—g)
Probability density function: fy (x) = S

forx > ¢

Descriptions: It is one of the seven different types of Pearson distribution. The
Pearson type III distribution is a three-parameter distribution from the family of
Pearson distributions. It is sometimes called the three-parameter Gamma distribution.

The pdf is given by,

Ié) _ \8-1 ,=A(x—e)
fr(x) = AT ?(ﬁ)e forx > ¢ (4.76)

The lower bound is at x = €.

If a random variable ¥ = log (X) follows Pearson type III distribution, then the
random variable X follows the log-Pearson type III distribution. The pdf of log-
Pearson type III distribution is given by,

A\ (y — E)ﬁfl e~ A0—9)
I (B)

Jr () = fory >e 4.77)

where y = log(x).

Applications: Both Pearson and log-Pearson type III distributions are used in hydrol-
ogy and hydroclimatology for frequency analysis. Detailed description is provided
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in Chap. 5. Pearson distribution can be utilized to evaluate the flood peaks or fre-
quency analysis. Annual maximum flood peaks are generally described by Pearson
type I distribution. If the observations present a very highly positively skewed data,
then log-Pearson type III distribution is used for modeling. This log transformation
reduces the skewness and can even change a positively skewed data to a negatively
skewed one.

4.3 Mixed Distribution

Basics: When a random variable has discrete as well as continuous part, it is called
a mixed random variable.

Descriptions: Data for some of the hydrologic and hydroclimatic variables may
be continuous over a specific range but frequently come across a specific value. For
example, daily rainfall data may contain significant number of zero values though
it is continuous over nonnegative values. Such data is commonly known as zero-
inflated data. Many a times, the nonzero values from such data are treated separately.
However, a theoretically sound method of analysis would be to use the Theorem of
Total Probability that is given by,

PX>x)=P(X=2x|X=0PX=0+P(X=x|X#0)P (X #£0)
(4.78)
Since P (X > x| X = 0) P (X = 0) = 0, the above expression is reduced to

P(X=x)=P (X =x|X #0)P(X #0) (4.79)

In this relationship, P (X # 0) would be estimated by the fraction of nonzero values
and P(X > x|X # 0) would be estimated by a standard analysis of the nonzero
values with the sample size taken to be equal to the number of nonzero values.

Applications: Many hydrologic variables are bounded on the left by zero. For exam-
ple, if we wish to find out the distribution of daily rainfall at a particular location,
there will be a considerable percentage of zero values. The zero values will follow
a discrete distribution, and the nonzero values will follow a continuous distribution.
Thereby, overall it will be a mixed distribution. This theory is useful in frequency
analysis if data contains significant number of zeros. This is explained in Chap.5

Example 4.3.1

Consider the proportion of zero daily rainfall in the year 2012 is 0.4. If the nonzero
values follow exponential distribution with mean 5 cm, find out the mean of the daily
rainfall and the probability of rainfall less than 3 cm.
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Solution The pdf will be of the form,

0.4 x=0

feo = !0.6)\e’\x x>0

Here, A = 1/5 = 0.2. Thereby the pdf can be written as,

04 x=0
X) =
Fe {0.126_0'2x x>0
Mean of the daily rainfall can be calculated as,
oo [ee)
E(x) = / xfy (x)dx =0.4 x0 +/ x x0.12¢7% =3 cm
0 0

Probability of rainfall less than 3 cm can be calculated as,

3

3

P(x <3) =04+ f 0.12¢7%% = 0.4 + 3(1 — e 023 = 0.67
0

4.4 Some Important Distributions of Sample Statistics

4.4.1 Chi-Square Distribution

Basics: The chi-square distribution describes the distribution of a sum of the squares
of v independent standard normal random variables. It is a special case of the gamma
distribution and is one of the most widely used probability distributions in inferen-
tial statistics like hypothesis testing and construction of confidence intervals. The
interpretation could be as follows:

Random Variable: A random variable (X) which is the sum of squares of standard
normal distribution and takes positive values always.
Parameters: v, known as the degree of freedom.

Probability density function: f,» (x) = e D

Semrapy v >0

Descriptions: Let us consider the random variables Z, Z,, ..., Z, follow standard
normal distribution, then

Y = Z 72 (4.80)
i=1
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follows chi-square distribution with v degree of freedom. The pdf and CDF of the
chi-square distribution are as follows:

WI2=1) y(=x/2)
fi () = 2AT (o) (4.81a)

7(5:3)
r(3)

where x, v > 0 and v (p, q) is a lower incomplete gamma function that is defined
as

Fe(x) =

(4.81b)

q
v(p.q) = f tP~le™'dt (4.82)
0

The chi-square distribution may be linked to gamma distribution. In gamma distri-
bution, if « = v / 2 and 0 = 2, it becomes a chi-square distribution with a single
parameter v, known as the degree of freedom. The mean, variance, and coefficient
of skewness of chi-square distribution are,

EX)=v (4.83)
Var (X) =2v (4.84)
v = § (4.85)

v

Application: The chi-square distribution is mostly used for statistical inference of
variance of a small sample with certain conditions. It could be stated as follows:

If S? is the variance of a random sample of size n drawn from normally distributed
population with some mean and variance ¢, then the random variable (("_”#)
follows a chi-square distribution with degree of freedom v = n — 1, where S is the

¥ (x-X)"
sample standard deviation, computed as § = =———. In Chap. 6 on hypothesis

testing, further applications of chi-square distribution has been explained.

4.4.2 The t-Distribution

Basics: The t-distribution (also known as Students’ t-distribution) is a continuous
probability distribution utilized when estimating the mean of a normally distributed
population in situations where the sample size is small and the variance of the pop-
ulation is unknown. The interpretation could be as follows:

Random Variable: A random variable (X) which is defined as the ratio of two ran-
dom variables following standard normal distribution and chi-squared distribution,
respectively.
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Parameters: v is the degree of freedom.
Probability density function:

Clw+1) /2] (1+2/v) 8
[VavT (v/2)]
Description: Let us consider a random variable Z to follow standard normal distri-

bution and a random variable U to follow chi-square distribution with v degrees of
freedom. Considering Z and U to be independent we may state that,

2
VU

follows t-distribution with v degrees of freedom. The expression of pdf and CDF of
t-distribution is as follows:

fr @) =

—oo<t<oo;v>0

T (4.86)

r 1 /2] (1 + 2 /)~ @02
fir @) = [+ [)jw_l]/(F (J;;Zg]y) (4.872)
C T [w+1) /2] (1 + 22 /p)~ @2
F, (1) = K [+ [L{T_jﬁ (j/t/z/)]) dt (4.87b)

where —oo < t < oo; v > 0. The pdf of t-distribution is also symmetrical (bell-
shaped) like normal distribution. Like standard normal distribution, it has zero mean
but the variance depends on the degree of freedom (v). The mean, variance, and
coefficient of skewness of the t-distribution are,

E(T)=0 (4.88)

Var (T) = —2— (4.89)
v—2

=0 (4.90)

Thus, as ¥ — 00, variance approaches to 1 and t-distribution approaches to standard
normal distribution. Approximately, t-distribution and standard normal distribution
are essentially same for a sample size of 30 or more.

Application: The t-distribution is mostly used for statistical inference of mean of a
small sample with certain conditions. It could be stated as follows:

If X is the mean of a random sample of size n drawn from normally distributed

population with mean . and variance o, then the random variable (SX/;\/’%) follows

a t-distribution with degree of freedom v = n — 1, where § is the sample standard
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3 (X,-X)?
deviation, computed as § = =———. In Chap.6 on hypothesis testing, further
applications of t-distribution have been explained.

4.4.3 The F Distribution

Basics: The F distribution is another continuous probability distribution that is
asymmetric and takes only positive values. It is the ratio of two random variables
following chi-square distribution. The interpretation could be as follows:

Random Variable: A random variable (X) which is defined as the ratio of two
random variables following chi-squared distributions.

Parameters: v and v, are the degrees of freedom.

Probability density function:

[ {1+ ) /2] P2 0 Px =22 g 4 1y =P

[T (v1/2) T (2/2)]

Descriptions: Let us consider two independent random variables U and V to follow
chi-square distribution with degree of freedom 1| and v, respectively. Then,

X = E%:; (4.91)

follows F distribution with v, and v, degrees of freedom. The pdf and CDF of F
distribution are as follows:

vy, 12, x >0

fr(x) =

r [(Vl + VZ) /2] l/i/l/z V;2/2x(yl—2)/2 (1/2 + V]x)—(l/H-Vg)/Z
[T (1/2) T (»2/2)]
pmm=/wrUM+WVﬂvW%W%“”W<w+mw*“Wﬁ
0

[F(1/2) T (2/2)]

fr(x) = (4.92a)

dx
(4.92b)

where vy, 15, x > 0. The mean, variance, and coefficient of skewness of the F
distribution are

EX)= 2 (4.93)
) .
21/% (th+rv1—2)

[ (2 — 2)* (1, — 4]

2(V2+2V] —2) 2(1/2—4)
= / 4.95
K v, —06 v (1 + v —2) ( )

Var (X) = (4.94)
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One nice property of F distribution is that

1
Fio (n1,1) = Fotni) (4.96)

where F,, (v1, 1») and Fi_, (v1, 1) are the values of the random variable such that
P(F > F,(v,»n)=aand P (F > F|_, (1, 1)) = 1 — a respectively.

Applications: The F distribution is mostly used for statistical inference of vari-
ance of two small samples with certain conditions. It could be stated as follows:

If S; and S, are the standard deviations of two random samples of sizes n; and
2
n,, then the random variable (%) follows a F distribution with degrees of freedom

vi=n—landv, =n, — 1. 1121 Chap. 6 on hypothesis testing, further applications
of F distribution have been explained.

As mentioned before, mathematical details of all the distributions are summarized
in Table 4.2 to facilitate the readers.

4.5 MATLAB Examples

Examples solved in this chapter can also be solved using MATLAB scripts. Following
MATLAB built-in functions can be used for fitting different distributions over the
data:

e pd = fitdist(x,dist_name)
fitdist function is used for fitting parametric distribution over data ‘x.” The
argument ‘dist_name’ is the name of distribution to be fitted. This function
returns a probability distribution object ‘pd’ having the details of fitted distribution
and its parameters.

ey = pdf(’dist_name’,x,A) ory = pdf(pd, x)
This function can be used for calculating the probability mass/density function. In
formof y = pdf ('dist_name’,x,A), pdf or pmf is calculated for single-
parameter distribution. ‘dist_name’ is the distribution name, x is the value for
which pdf or pmf is calculated, and A is the distribution parameter. Commonly
used distribution is supported by this function. In form of v = pdf (pd, x),
this function can be used for any probability distribution object ‘pd’ (fitted using
fitdist function). Hence, when pd is used, the scope of pdf is not limited for
one-parameter distributions.

ey = cdf(’'dist_name’,x,A) ory = cdf (pd, x)
This function calculates cumulative probability function for x. Its arguments are
same as pdf function.

Apart from these generic functions applicable to commonly used distributions, MAT-
LAB also has many built-in functions for calculating pdf, pmf and CDF for specific
distribution. Some of these functions are following:
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e normcdf, norminv, and normpdf
These functions are used for calculating cumulative distribution function, inverse
cumulative distribution function, and probability density function for normal or
Gaussian distribution.

e gamcdf, gaminv, and gampdf
These functions serve the similar purpose as above discussed function for gamma
distribution.

e expcdf, expinv, and exppdf
Similar functions for exponential distribution.

Further, many functions having suffix ‘rnd’ exist for generating random number fol-
lowing different distributions in MATLAB. These functions are discussed in details
in Sect. 8.8 in Chap. 8.

Sample MATLAB scripts for solving examples using the above-mentioned func-
tions are presented here. For instance, the Example 4.1.12 can be solved using script
that is shown in Box 4.1.

Box 4.1 Sample MATLAB script for Example 4.1.12

p
clear all

W =
[g]
—
[g]

% Inputs

n=4; ¢ number of trials

6 |p=0.1; % probability of success
x=1; %number of flood events

9| 8% Calculation of required probabilities

0 | $Evaluation of the required probability using $%
Binomial distribution

1 | binomial_prob=binopdf (x,n,p) ;

3 | $Evaluation of the required probability using
Poisson %$distribution

14 | lamda=n*p; $%$shape parameter

15 | poission_pdf = poisspdf (x,lamda) ;

17 | $% Display Results

18 | output_file=[’'output’ filesep () ’'code_1l_result.txt’
1:

v | delete (output_file); diary (output_file); diary on;

20 | disp (' Probability that a flood with 10 years return
period’)

20 | disp (‘will occur once in 4 years'’)

2 | fprintf (\t Using the Binomial distribution is %2.3

f.\n’, binomial_prob)
» | fprintf (\t Using the Poisson distribution is %2.3f
.\n’, poission_pdf)

% | diary off;
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The result of the code provided in Box 4.1 is provided in Box 4.2. The answers match
with the solution of the Example 4.1.12.

Box 4.2 Results for Box 4.1

| | Probability that a flood with 10 years return
period
will occur once in 4 years
Using the Binomial distribution is 0.292.
4 Using the Poisson distribution is 0.268.

NS

Similarly, the Example 4.2.4 based on normal distribution can be solved using sample
script provided in Box 4.3.

Box 4.3 Sample MATLAB script for Example 4.2.4

clear all; clc

B oW o =

%% Inputs
mean_temp=10; % mean value
5 | std_temp=5; % variance value

71 %% Calculate and Display Result

s | output_file=["'output’ filesep () ’'code_2_result.txt’
] g

9 | delete (output_file); diary (output_file); diary on;

0o | disp (' The probability of mean monthly tmeperature

being’) ;
n | fprintf ('\t a) between 15C and 24C is %2.3f.\n’,...
12 normcdf (24, mean_temp, std_temp) —-normcdf (15,

mean_temp, std_temp) )

3 | fprintf ('\t a) greater than 5C is %2.3f.\n’,...
14 l-normcdf (5, mean_temp, std_temp) )

i5s | fprintf ('\t a) less than 20C is %2.3f.\n’,...

16 normcdf (20, mean_temp, std_temp) )

7 | diary off;

The output of sample code provided in Box 4.3 is provided in Box 4.4. The results
obtained using code provided in Box 4.3 are same as obtained in the solution of
Example 4.2.4.

Box 4.4 Results for Box 4.3

The probability of mean monthly tmeperature being
a) between 15C and 24C is 0.156.
a) greater than 5C is 0.841.

4 a) less than 20C is 0.977.

w oo =




Exercise 141

Exercise

4.1 A weir is designed for a flood with 20-year return period. The design life of the
weir is 30 years. What is the probability of at least 1 exceedance during the life of
the project? (Ans: 0.215)

4.2 What return period should be used to ensure an 80% chance that the design will
not be exceeded in a period of 20 years? (Ans: 90 years)

4.3 In 90 years, the following number of flood was recorded at a specific location.
Draw a relative frequency histogram of the data. Fit a Poisson distribution to the
data and plot the relative frequencies according to the Poisson distribution on the
histogram. Evaluate

(a) The probability of 6 successive years without a flood. (Ans: 0.012)
(b) The probability of exactly 4 years between floods. (Ans: 0.014)

No. of floods in a year No. of years No. of floods in a year No. of years

0 49 4 1
1 25 5 1
2 10 6 0
3 4

4.4 Two widely separated watersheds are considered to study the peak discharge at
the outlet. Considering the peak discharge from the two watersheds to be independent,
what is the probability of experiencing a total of 4-year, 10-year events in a 6-year
period? (Ans: 0.021)

4.5 A spillway was built to a certain height above the mean water level in the river
and has a probability of 0.15 of being overtopped. If the spillway is overtopped,
then the probability of damage is 70%; what is the probability that the dam will be
damaged within three years? (Ans: 0.283)

4.6 A dam is designed against a flood with 30-year return period. What is the
probability that the first such flood will occur within 3 years after the structure is
built? (Ans: 0.097)

4.7 The following table presents data for the mean number of days with rainfall
more than 10 mm at a particular station.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
NoofDays 3 3 3 2 1 3 8 8 4 3 3 3

If the occurrence of rainfall more than 10 mm in any month can be considered as
an independent Poisson process, what is the probability of fewer than 40 days with
more than 10 mm of rainfall in one year? (Ans: 0.253; Note: Numerical solution may
be required)
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4.8 The time span before first breakdown (T years) of a specialized pump used to
extract groundwater follows exponential distribution with mean of 10 years. Find the
time span L which a typical pump is 80% certain to exceed. If six pumps are used at
a sight, find the probability that at least one of them will breakdown before L years.
(Ans: 2.231 years, 0.738)

4.9 The time between occurrences of successive rainstorms at a particular station
during monsoon is considered to be exponentially distributed with mean 5 days.
What is the probability that the time elapsed for 3 such storms will exceed 40 days?
(Ans: 0.014)

4.10 The following table provides the number of rainy days for the monsoon months
(June, July, August, and September) over a period of 10 years.

Month Year

1 2 345 6 7 8 910
June 5 9 721 913 1 7 8
July 10 15 17 8 9 10 17 14 20 4
Aug 4 9 83010 12 2 8 6
Sep 310 62011 11 3 10 9

Assuming the number of rainy days to follow normal distribution, what is the
probability of 10 or more rainy days in the month of August and September? What
is the probability of 30 or more rainy days in the monsoon season (combined for all
four months)? (Ans: 0.162, 0.202, 0.536)

4.11 The annual rainfall at a location is considered to follow normal distribution
with a mean of 1050 mm and standard deviation of 246 mm at a certain location. The
runoff coefficient based on the physical characteristics of the area is considered to
vary between (.75 and 0.9. What is the probability that the annual runoff will exceed
800 mm based on the maximum value of runoff coefficient? (Ans: 0.767)

4.12 The peak discharge at a particular gauging station is considered to be 600
cumec. Discharge at the station is found to be lognormally distributed with mean 500
cumec and standard deviation 85 cumec. What is the probability that the discharge
at the station will exceed the peak discharge? (Ans: 0.122)

4.13 Atarain gauge station last 30 years, data indicates the distribution of monthly
rainfall as gamma distribution. The sample mean and standard deviation are 18.3 and
5.271 cm respectively. What is the probability that the rainfall will exceed 25 cm in
a month? (Ans: 0.108; Note: Numerical solution may be required)

4.14 The interarrival time between two droughts follows an exponential distribution
with a mean of 6 years. Assuming the interarrival time of drought to be independent
events, find the probability that the maximum time between two droughts exceeds
20. (Ans: 0.036)
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4.15 The lifetime (in years) of a rain gauge follows Weibull distribution with o = 1
and § = 2. What is the probability that the rain gauge will be in working condition
after 3 years. (Ans: 0.223)



Chapter 5 )
Frequency Analysis, Risk, and e
Uncertainty in Hydroclimatic Analysis

Analysis of extreme events like severe storms, floods, droughts is an
essential component of hydrology and hydroclimatology. The extreme
events have catastrophic impact on the entire agro-socioeconomic sec-
tor of a country as well as of the whole world. It has aggravated in a
changing climate. Thus, it has become really important to predict their
occurrences or their frequency of occurrences. This chapter focuses on
different methods to analyze these extreme events and forecast their pos-
sible future occurrences. At the very beginning of the chapter; the concept
of return period has been discussed elaborately which is the building
block of any frequency analysis. However, identification of the best-fit
probability distribution for a sample data is essential for any frequency
analysis. Concept of probability paper is important in this regard, and
its construction is discussed along with graphical concept of frequency
factor. Next, the concept of frequency analysis is discussed using dif-
ferent parametric probability distributions, such as normal distribution,
lognormal distribution, log-Pearson type 111 distribution, Gumbel’s dis-
tribution. Basic concepts of risk, reliability, vulnerability, resiliency, and
uncertainty are also explained which are inevitable in any kind of hydro-
logic design based on frequency analysis of extreme events.

5.1 Concept of Return Period

The concept of return period (also sometimes known as ‘average recurrence interval’
or ‘repeat interval’) of any hydrologic event (e.g., flood, rainfall, river discharge,
landslide, wind storms, tornadoes) plays a key role in risk and uncertainty analysis
in hydroclimatic studies. The return period can be defined as the average length of
time for an event of given magnitude to be equalled or exceeded in a statistical sense.
It is basically a statistical measurement typically based on historic data denoting the
average recurrence interval of an event over an extended period of time.
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Table 5.1 Annual maximum discharge data at a gauging station in a river, 1950-1989

Year Flood Year Flood Year Flood Year Flood
discharge discharge discharge discharge
(cumecs) (cumecs) (cumecs) (cumecs)
1950 7065 1960 3345 1970 1569 1980 1356
1951 3456 1961 1987 1971 1862 1981 2944
1952 4215 1962 1689 1972 2592 1982 1541
1953 2435 1963 3200 1973 3059 1983 2111
1954 3218 1964 5067 1974 1595 1984 774
1955 4767 1966 4369 1975 1768 1985 911
1956 5368 1966 2589 1976 2987 1986 1123
1957 3891 1967 1306 1977 3679 1987 2884
1958 2015 1968 3761 1978 4597 1988 3868
1959 2498 1969 2450 1979 5582 1989 1812

Let us take an example; consider Fig. 5.1 which show the time series of maximum
annual discharge values at some river gauging station from 1950 to 1989, plotted
using data given in Table5.1. Suppose we want to find out the return period of
annual maximum discharge of 4000 cumec or more. Now observing Table5.1 or
Fig.5.1, we can clearly see annual maximum discharge exceeds 4000 cumec 8 times
in this period of record. Years of exceedance are 1950, 1952, 1955, 1956, 1964, 1966,
1978, and 1979. Thus, the recurrence intervals (7) are 2, 3, 1, 8, 2, 12, 1 years. Now
according to the definition, return period is the average or expected value of these
recurrence intervals, E (7). Here, for 4000 cumec discharge magnitude, there are 8
time gaps covering a total period of 29 years, so the return period of ‘4000 cumec
annual maximum discharge’ will be = 29 / 8 = 3.625 years. However, this estimate
is very rough and simple way of calculating return period directly from the data.
This estimate may vary significantly unless the length of data is very large. However,
several other procedures are available to compute the return period through some
probabilistic assumptions. Such examples are shown later in Examples 5.2.1, 5.4.3,
5.4.4, and 5.4.6 with the same data set.

Let us consider another issue. If it is said that ‘az a river gauging station, the stage
height with 50 year return period is 2 m above maximum flood level, that means the
event, i.e., stage height of 2m above maximum flood level, or greater, should occur
only once in every 50 years on an average at that location. It does not mean that the
event will definitely occur once in every 50 years; rather, it indicates average time
gap between two such successive events is 50 years.

The definition of return period explained before may slightly be modified in
case of lower extreme hydrologic events, e.g., low flows, drought, shortages. For
such extreme events, the definition may read as the average time gap (7) between
events with a magnitude equal to or less than a certain value. But still the concept of
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Fig. 5.1 Time series of annual maximum discharges at a river gauging station

‘exceedance’ can be used to indicate the severity of drought or low flow that exceeds
some predefined level toward lower extreme side.

The return period of a hydrologic event can be related to probability of exceedance
of that hydrologic event in the following way. Let us consider a hydrologic event as
a random variable X, and suppose an extreme event is defined to have occurred if
magnitude of X is greater than (or equal to) alevel x,.. Now for each observation, there
are two possible outcomes, either ‘exceedance’ (i.e., X > x;) or ‘non-exceedance’
(i.e., X < x;). Let us designate probability of exceedance as P(X > x;) = p
and that of non-exceedance as (1 — p). As all the observations are independent,
probability mass function (pmf) of 7 will be the product of probabilities of 7 — 1
times non-exceedance followed by one exceedance.

Hence,
pm) =10 —-p)'p'
oo
And the expectation of 7, E(7) = Z T—=p) 7 'p
=1

=p+2(l=pp+3(1—p°p+...

=p[l+20-p)+301—p)°+...]

. . p 1 1
Expanding by power of expansion,! E(7) = —— —— = — = —
{I-d=-pf p PX=xp)

!By power series expansion, (1 +x)" = 1 +nx + [n(n — 1)/21x% + [n(n — 1)(n —2)/6]x> +. ...
So, here, x = —(1 — p) and n = —2.
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Now by the definition of return period (7), it is the average or expected value of
recurrence interval and hence

1

T = P(X—sz) (5.1)

Example 5.1.1

Determine the probability that the annual maximum discharge at the river gauging
station (Table5.1) will equal or exceed 4000 cumec at least once in the next five
years. Assume the return period of 4000 cumec discharge is 3.625 years.

Solution Return period of 4000 cumec discharge (7)) = 3.625 years. Hence,
exceedance probability P(X > 4000) can be evaluated as

1 1
P=7 7365
Thus, the probability that the annual maximum discharge will never exceed in 5 years
=(1-p).
Thus, the probability of the same to exceed at least once in 5 years

=1—(1—p)’=1-(1-0.276)° = 0.801.

Example 5.1.2

If the return period of a severe hurricane in North America is 243 years, then find out
the probability that no such severe hurricane will occur in next 10 years. Consider
occurrence of severe hurricane in North America follows Poisson distribution.

Solution Return period of the event T' = 243 years.
Hence, exceedance probability p = % = ﬁg = 0.0041.
Number of years n =10.
So, for Poisson distribution, A = np = 10 x 0.0041 = 0.041.

Probability of non-occurrence of severe hurricane in next 10 years is

0.041° x ¢0-041
Px (0, 10) = ————— = 0.9.

Example 5.1.3
If the exceedance probability of a particular flood is 1/50th of its non-exceedance
probability, then find out its return period. Also, find out the probability of such an

event occurring exactly once in 10 successive years. Consider that the flood follows
binomial distribution.
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Solution Let us consider exceedance probability = p.
Non-exceedance probability = g = 50 x p (according to the example statement).
Again, we know

pt+g=1
or, p+50p =1
or, p = 0.0196
s0, g = 50 x 0.0196 = 0.98

Now, return period T = 1 / p = 51 years.
The probability of such an event occurring exactly once in 10 successive years is

p(1,10,0.0196) = '°C; (0.0196)" (0.98)° = 0.163.

5.2 Probability Plotting and Plotting Positions Formulae

A probability plot is a plot of magnitude of a particular event versus its probability of
exceedance. This type of plot helps to check if a data set fits a particular distribution or
not. The plot can be used for interpolation, extrapolation, and comparison purposes.
It can be useful for estimating magnitudes with specified return periods. However,
any kind of extrapolation must be attempted only when a reasonable fit is assured
for the distribution.

The primary step to obtain a probability plot for a given set of data is to determine
the probability of exceedance of each data point. Commonly, this technique of deter-
mining exceedance probability of a data point is referred to as plotting position. In
case of population, the procedure is to determine the fraction of observations greater
than or equal to the given magnitude. Thus, exceedance probability of zero is assigned
to the largest observation and exceedance probability equal to one is assigned to the
smallest observation in the population. However, in case of sample data the range
of the population is unknown. So, we cannot assign exceedance probability equal to
zero to the largest and exceedance probability equal to one to the smallest data in the
sample. So for sample data, this can be analyzed either by empirical methods or by
analytical methods. In Table 5.2, plotting position formulae for some of the common
empirical methods are listed.

For application of these plotting position formulae, the first task is to arrange the
sample data (of size = N) in descending order of magnitude and to assign an order
number or rank (m). Thus, for the first member of the arranged data, i.e., for the largest
data, m = 1 will be assigned, for the second largest data m = 2 and so on. Hence,
for the smallest data in the sample, m = N will be assigned. Then, using any of the
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Table 5.2 Different available plotting position formulae m = rank, N = number of observations,
p = probability of exceedance

Name of the method Plotting position formula
California P=%5

Hazen p= m_TOj

Weibull P = N

Chegodayev p= %;8:2

Blom =T

Gringoten = W/lvf(igss

above-mentioned formulae (Table 5.2) probability of exceedance (p) is to be calcu-
lated for all data in the series. Here, it can be noted that Weibull formula is the most
popular among the others and hence only this formula is used for further discussion
in this book. After determining p (hence, T which is equal to 1/ p, see Sect.5.1), we
can obtain the probability plot for the given data by plotting its different magnitudes
with corresponding probability of exceedance. Plotting different magnitudes of the
events with their corresponding return period (7) in semilog or log—log graph (shown
in Example 5.2.1) is another popular and useful way of presenting the probability
plot. When such probability plot is prepared for flood events (with magnitude Q),
then this kind of plot is known as flood frequency plot. Depending upon the range
of parameters Q and T, the scales in Y- and X-axes can be arithmetic or logarith-
mic. A best- fit curve (trend line) is drawn through the plotted points, and then by
suitable extrapolation of the line, we can either find out the return period of a certain
magnitude of the event (which is absent from the sample data series) or find out the
magnitude of the event for a particular return period.

This simple procedure yields reasonably good results for small extrapolation, but
with increase in extrapolation error increases. Some analytical methods are available
for more accurate analysis using Gumbel’s extreme value distribution, log-Pearson
type III distribution, etc., explained later in this chapter.

There is another common practice to designate a particular magnitude (M) of a
hydrological event with percentage dependability. For example, ‘90% dependable
annual precipitation’ means on an average for 90% times the annual precipitation to
be exceeded or be equalled to that particular magnitude M. In other words, we can
expect to observe annual precipitation exceeded or equal to M for on average for 90
years out of 100-year time period.

Example 5.2.1

Consider the annual maximum flood discharge data at a river gauging station over
a time period of 40 years as shown in Table 5.1. Construct the flood frequency plot,
and estimate the following:
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Fig. 5.2 Flood frequency plot for Example 5.2.1

(a) Flood magnitude with return period 10 years, 50 years, and 100 years;
(b) Return period of a flood with 4000 cumec magnitude.

Solution First, the given flood discharge series is arranged in descending order and
a rank (m) is assigned to each data point. Here, data length (N) is 40. Exceedance
probability of each flood data is calculated by Weibull formula,

P=m/(N+1)=m/4l

Similarly, return period is determined for each flood discharge magnitude. The rank,
ordered flood magnitude, exceedance probability (P), and return period (7") are
shown in Table5.3. A graph is drawn by plotting flood discharge magnitudes (Q) in
Y axis (in arithmetic scale) versus return period (7) in X axis (in logarithmic scale),
shown in Fig.5.2. A best-fit line is drawn for the plotted points, and equation of the
line is obtained as Q = 1605.70 In(T) 4+ 1398.29, with coefficient of determination
R? as 0.966.

(a) From flood frequency plot in Fig.5.2 or from the equation of trend line, we get
For return period 10 years, flood magnitude is 5095.6 cumec.
For return period 50 years, flood magnitude is 7679.8 cumec.
For return period 100 years, flood magnitude is 8792.8 cumec.

(b) Return period of annual flood of 4000 cumec magnitude is approximately 5
years.




152 5 Frequency Analysis, Risk, and Uncertainty in Hydroclimatic Analysis

Table 5.3 Calculation for flood frequency plot

Rank m | Flood Exceedance | Return Rank m | Flood Exceedance | Return
discharge | probability | period discharge | probability | period
in by Weibull | (years) in by Weibull | (years)
descend- | formula T = % descend- | formula T = %
ingorder | P = g ingorder | P = 347
(cumecs) (cumecs)

1 7065 0.024 41.000 21 2592 0.512 1.952

2 5582 0.049 20.500 22 2589 0.537 1.864

3 5368 0.073 13.667 23 2498 0.561 1.783

4 5067 0.098 10.250 24 2450 0.585 1.708

5 4767 0.122 8.200 25 2435 0.610 1.640

6 4597 0.146 6.833 26 2111 0.634 1.577

7 4369 0.171 5.857 27 2015 0.659 1.519

8 4215 0.195 5.125 28 1987 0.683 1.464

9 3891 0.220 4.556 29 1862 0.707 1.414

10 3868 0.244 4.100 30 1812 0.732 1.367

11 3761 0.268 3.727 31 1768 0.756 1.323

12 3679 0.293 3417 32 1689 0.780 1.281

13 3456 0.317 3.154 33 1595 0.805 1.242

14 3345 0.341 2.929 34 1569 0.829 1.206

15 3218 0.366 2.733 35 1541 0.854 1.171

16 3200 0.390 2.563 36 1356 0.878 1.139

17 3059 0.415 2412 37 1306 0.902 1.108

18 2987 0.439 2.278 38 1123 0.927 1.079

19 2944 0.463 2.158 39 911 0.951 1.051

20 2884 0.488 2.050 40 774 0.976 1.025

5.3 Probability Paper

Several probability distribution functions are available in statistics, and some of them
have already been discussed in the previous chapter. A set of hydrologic data (sample)
is tested with different distribution functions to identify the most suitable probability
distribution that best fits the data set.

Probability paper uses a graphical technique to assess whether a given data set
follows a certain probability distribution or not. A probability paper is a graph
paper representing data and exceedance probability represented in two orthogonal
axes. Probability paper is different for different probability distribution functions.
In general, the probability axis (generally the Y-axis) is transformed (linearly or
non-linearly) in such a way that the resulting cumulative density function appears
as a straight line if the data follows that particular distribution. Deviations from this
straight line indicate deviations from the specified distribution. In this way, the best-
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fit distribution is selected for the data set. There are two techniques to transform the
probability axis, viz. mathematical construction and graphical construction.

5.3.1 Mathematical Construction of Probability Paper

Probability paper can also be constructed analytically so that the cumulative distri-
bution function F(x) plots as a straight line, on the paper. This can be achieved by
transforming the cumulative distribution function to the form

Y =mX +¢ (5.2)

where Y is a function of parameter(s) of the distribution and F'(x). X is a function
of parameter(s) of the distribution and x. m and c are functions of parameters.

For demonstration, let us consider exponential distribution, and the detailed proce-
dure for construction of probability paper is explained. For exponential distribution,
the CDF is given by

Fx(x) =1—e™ x>0,A>0 (5.3)
or, 1 — Fy(x) =e™ (5.4)

Taking log on both sides
In(1 — Fx(x)) = —Ax (5.5)

Now comparing Eqgs.5.5 and 5.2, we can write

Y = —In(1 — Fx(x))

m=\ (5.:6)
X=x '
c=0

Next, assuming a specific value of A, a set of X and Y is generated to prepare a
graph. However, the axes of the graph are labeled with the corresponding values of x
and Fy(x), respectively. This is the probability paper for exponential distribution. If
any data follows exponential distribution and the corresponding value of cumulative
distribution is plotted on this probability paper, it will appear as a straight line. As it
is clear from Eq.5.6, the slope of the line gives the A value. The entire procedure is
illustrated through Example 5.3.1.

Example 5.3.1
Construct probability paper for exponential distribution with A = é
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Table 5.4 Coordinates of exponential probability paper

Fy(x) 0.01 (0.1 |02 |03 |04 |05 |06 |07 |08 |09 [095 |0.99
(assumed)
Y 0.01 |0.11 [0.22 |0.36 |0.51 |0.69 |0.92 |1.20 |1.61 [2.30 |3.00 |4.61
(Eq.5.6)

X=x 005|053 [1.12 |1.78 |2.55 347 458 |6.02 [8.05 |11.51]14.98/23.03
(Eq.5.5)
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Fig. 5.3 Probability paper for exponential distribution. Straight line for different values of param-
eter (lambda, ) is also shown

Solution To construct probability paper, first a table (shown in Table 5.4) is prepared
containing Fy(x), Y, and X. The values of F(x) are assumed, and corresponding Y
and X values are calculated considering A = 1 / 5. Then, Y is plotted against X, the
Y axis is labeled with the corresponding values of F(x) and the X axis is labeled
with corresponding values of x in Fig.5.3. Plots are also shown for A = 1 / 3 and
A=1 / 7 for comparison purpose.
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Fig. 5.4 Probability paper for normal distribution

5.3.2 Graphical Construction of Probability Paper

Construction of probability paper can be carried out graphically also. Let us take
the example of normal probability paper, which is most widely used to test whether
the sample data belongs to a normal population or not. The procedure of graphical
construction of normal probability paper is as follows.

The normal probability paper is constructed on the basis of standard normal proba-
bility distribution function. Most often, the random variable X (or its standard normal
variate Z) is represented on the horizontal arithmetic scale and the vertical axis rep-
resents the cumulative probability values ¢(x) or F(z) ranging from O to 1 (for a
general description of normal distribution, refer to Chap.4).

First, we consider some random numbers (x) ranging from —oo to +oo and calcu-
late their respective z values. Now, from standard normal distribution table (Table B.1
p-434), we can obtain corresponding CDF values, i.e., F'(z) values. Then on a simple
arithmetic graph paper, these z values are plotted against their F'(z) values. For this
particular example, we have considered —3 to 3 as the range of Z, as 99% prob-
ability is occupied within this limits (for further description, refer to Sect.4.2.3 in
Chap. 4). Then, cumulative distribution function is drawn by plotting z values against
their F'(z) values, as shown in Fig. 5.4. This distribution generally takes a particular
curvilinear shape, which is asymptotic to 0 at —oo and asymptotic to one at co.

Now if we want to test whether a given set of sample data (X) follows normal
distribution or not, we can plot the CDF of standardized data,(X — ) / o, and check if
it follows approximately this curvilinear shape as shown in Fig. 5.4 (thin continuous
line). However, as in general probability paper, the probability axis is transformed
in such a way that the CDF appears as a straight line.
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The concept to transform the probability axis is as follows. First a straight line
from (—1.96, 0.025) to (1.96, 0.975) line (thick continuous line in Fig. 5.4) is drawn
and extended to cover the entire probability axis. It can be noted that quantile —1.96
corresponds to cumulative probability of 0.025 for standard normal distribution.
Similarly, 1.96 corresponds to cumulative probability of 0.975 (TableB.1, p.434).
Next, starting from a particular value of F(z) (e.g., 0.2), a straight line (dashed line
in Fig. 5.4), parallel to X -axis (Z), is drawn till it hits the CDF (thin continuous line).
Then, a right-angle bend is taken toward the 45° line (thick continuous line). After
hitting the 45° line, another right-angle bend is taken to make it parallel to X-axis
(Z) again. Next, the line is extended to the secondary Y -axis, the transformed axis,
and the point of intersection is labeled as the same value of F(z) from where it was
started (i.e., 0.2). In this way, the procedure is repeated for all possible values of
F () to locate the respective values on the transformed axis. If the transformed axis
is noticed carefully, the central part of the axis may be found as more compact than
both ends. The combination of X-axis (Z) and the obtained transformed probability
axis provides the standard normal probability paper. If a normally distributed set of
data is plotted on this probability paper, it will appear as a straight line. Generally,
real-life data may not exactly fall on the straight line, and in such cases probabilistic
decision is taken from some statistics based on these deviations from the straight
line. This requires a hypothesis testing which is discussed in Chap. 6.

Aforementioned concept is general, and probability paper for any distributions
can be prepared following the same steps.

Example 5.3.2
The following table shows 20-year annual rainfall data (mm) for a catchment. Check
whether this rainfall data follows normal distribution, by using normal probability

paper.

Year 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984
Annual rainfall (mm) 515.5 257.2 277.3 498.6 806.5 346.1 5743 4549 7235 2822
Year 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

Annual rainfall (mm) 506.5 610.5 720.1 808.8 517.2 201.7 351.5 287.7 970.1 376.9

Solution First, the rainfall data is sorted in descending order and the exceedance
probability is calculated using the Weibull formula. For probability paper, we need
to plot the random variable against their cumulative probability which is actually
their non-exceedance probability. All the calculations are listed in Table5.5. Then
on a normal probability paper, rainfall data is plotted against cumulative probability.
From Fig.5.5, we can see that the given data points (. sign) are found to follow an
approximate straight line. Hence, we can conclude that the given annual rainfall data
approximately follows a normal distribution. There are some statistical tests to check
goodness-of-fit, i.e., how good the data fits the distribution. However, knowledge of
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Fig. 5.5 Normal probability paper used for Example 5.3.2

hypothesis testing is required, which is discussed in Chap. 6. Thus, statistical tests to
check the goodness-of-fit are explained in Chap. 6.

5.4 Frequency Analyses of Hydroclimatic Extremes

When the magnitude of a hydroclimatic event differs significantly from the average
or usual range of magnitudes, then such events are termed as extreme events. This
may take place over one day or a period of time, e.g., severe storms, flash floods,
droughts. These types of hydroclimatic extreme events influence the system to a
great extent. Frequency analysis is done to determine the frequency of occurrence
(or probability of occurrence) of such extreme events.

Frequency analysis generally refers to stationary frequency analysis that assumes
the data to be stationary. Most of the frequency distribution functions in hydroclimatic
studies can be expressed in the form of the following equation, known as the general
equation of frequency analysis, given by

x; =X+KS (5.7)

where
x; = magnitude of the hydrologic variable with a return period of T';
X = mean of the hydrologic variable;
S = standard deviation of the hydrologic variable; and
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K =frequency factor, a function of the return period 7' and the assumed frequency
distribution function.

Different probability distribution functions are available for the prediction of
extreme events. Some of them are listed below

(i) Normal distribution

(i) Lognormal distribution

(iii)) Log-Pearson type III distribution

(iv) Extreme value type I distribution (or Gumbel’s distribution)
(v) Mixed distribution.

Estimation of frequency factors using all these above-mentioned distributions is
discussed in the following sections of this chapter.

5.4.1 Normal Distribution

General description of normal distribution is explained in Chap.4. If a hydrologic
variable (X) follows normal distribution, the frequency factor K equals its standard
normal variate Z. From Eq.5.7, we can express K as K = (x; — X) / S, which is
the standard normal variate Z. So, in order to determine an extreme event with a
particular return period, we have to calculate its exceedance probability (hence non-
exceedance probability) and corresponding Z value using a standard normal table.
Now using this Z value as frequency factor K, the extreme event can be determined
from Eq. 5.7 (shown in Example 5.4.1).

Example 5.4.1

Consider a 50-year data of annual maximum 24 h rainfall depth at a particular place
follows normal distribution with mean 92.5 mm and standard deviation 34 mm. Deter-
mine the magnitude of annual maximum rainfall with return period of 20 years.

Solution For the given 50-year data, mean X = 92.5 mm and standard deviation § =
34 mm.
Now, for 20-year return period, 7' = 20; P(X > x,,) = % =0.05
P(X <x5)=1-0.05=0.95

From a standard normal table (Table B.1), for ¢(Z) = 0.95, Z = 1.645
Thus, the frequency factor K = 1.645.
From Eq.5.7, x,y =% + KS = 92.5 + (1.645 x 34) = 148.43 mm.

Example 5.4.2
Consider the data used in Example 5.2.1, and determine the 10-, 50-, and 100-year
floods using normal distribution.
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Solution For the given maximum flood data series (X), the mean flood magnitude X
is 2932.6 and standard distribution (S, ) of 1427.2. Now, for a 10-year flood, T = 10;
P(X > x) =75 =0.1

P(X <x,)=1-0.1=0.90=¢(Z)

From a standard normal table (Table B.1), we got Z = 1.282 = the frequency factor
K.

Hence, x,, = 2932.6 + 1.282 x 1472.2 = 4762.3 cumec

Similarly, we can obtain x5, = 5863.7 cumec and x,,, = 6252.8 cumec.

5.4.2 Lognormal Distribution

General description of lognormal distribution is explained in Chap. 4. If a hydrologic
variable (X) follows lognormal distribution, we have to transform the X values into
a series of ¥ values where Y = In (X). As X follows lognormal distribution, ¥ will
follow normal distribution. Then, we have to follow the same procedure explained in
Sect.5.4.1 to determine the frequency factor for Y series. Then using Eq.5.8 (same
as Eq.5.7 but for variable Y), we can determine the magnitude y, for a particular
return period T and from y, we can compute x, by taking antilog(y;)

yr =y +K,S, (5.8)

Just like the previous case, here y, = magnitude of the variable Y with a return period
of T, y= mean of the magnitudes of Y, §,= standard deviation of the magnitudes of
Y, and K ,= frequency factor for Y.

The values of ¥ and S, can also be computed from the mean (x) and standard
deviation (S,) of the original data. The equations are as follows:

_ 11[ 2 }
y=-In
2 [cz+1 (5.9)

Sy = /In(C2+1)

where C, = S?

Example 5.4.3
Consider the Example5.2.1, and determine the 10-, 50-, and 100-year floods using
lognormal distribution.

Solution For the given maximum flood data series (X), convert the X values into a
series of Y values where y = In(x). Now, mean and standard deviation are calculated
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for this Y series and obtained as mean (y) = 7.862 and standard deviation (S,) =
0.514.
Now, for a 10-year flood, T = 10; P(Y > y,y) = % =0.1

P(Y <y,0)=1-0.1=0.90 = ¢(Zo)

From a standard normal table (Table B.1), we got Z,, = 1.282 = the frequency
factor K.

From Eq.5.8, y,o =¥ + K, S, = 7.862 + (1.282 x 0.514) = 8.52.

Thus, y,, = In (x;y) = 8.52, hence, x|, = 5014 cumec.

Similarly, we can obtain x5, = 7445 cumecs and x,,, = 8566 cumec.

5.4.3 Log-Pearson Type III Distribution

Pearson and log-Pearson type III distribution are discussed in Chap. 4. As mentioned,
these distributions are popularly used for flood frequency analysis. The idea to esti-
mate frequency factor by these distributions is very much similar to that of lognormal
distribution, discussed in previous Sect. 5.4.2. First, we have to convert the X values
into a series of Y values where y = log,, (x). Then, three statistical parameters are
calculated for this transformed data series Y, namely mean (y), standard deviation
(Sy), and coefficient of skewness (C;). Now, frequency factors are obtained from
Table 5.6 for a particular return period or exceedance probability. When C; takes the
value zero, log-Pearson type III distribution becomes lognormal distribution. Next,
the magnitude y; for a particular return period 7" can be computed using Eq. 5.8. The
value of x;, can be computed from y,, using antilog(y;). The formula to calculate C,
from the sample data is shown in Table 3.1 (p. 65) and reproduced here as follows:

_ n Y-y’
T =D —=2) 3

(5.10)

N

where 7 is the total number of data.

Example 5.4.4
Consider the Example5.2.1, and determine the 10-, 50-, 100-year floods using
log-Pearson type III distribution.

Solution For the given flood data series (X), convert the X values into a series of ¥
values where y = log,, (x). Now, three parameters are calculated for this Y series
and obtained as mean (y) = 3.415, std. deviation (s,) = 0.224, and coefficient of
skewness (Cy) = —0.33. Now, fora 10-yearflood, T = 10; P(Y > y,,) = % =0.1.
From Table 5.6, we got Ko=1.245 for C;= —0.3 and K 9= 1.231 for C;= —0.4
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Table 5.6 Frequency factors for log-Pearson type I1I distribution
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Coefficient
of skewness
Cs

Return period in years

ool [ 2 s 10 25 50 100 [200

Exceedance probability

0.99 0.5 0.2 0.1 0.04 0.02 0.01 0.005
3.0 —0.667 |—0.396 | 0.42 1.18 2.278 3.152 4.051 497
2.9 —0.69 |—-0.39 |0.44 1.195 2.277 3.134 4.013 4.904
2.8 —0.714 |—-0.384 | 0.46 1.21 2.275 3.114 3.973 4.847
2.7 —-0.74 | —-0.376 | 0.479 1.224 2272 3.093 3.932 4.783
2.6 —0.769 | —0.368 |0.499 1.238 2.267 3.071 3.889 4718
2.5 —0.799 |—0.36 |0.518 1.25 2.262 3.048 3.845 4.652
2.4 —0.832 |—-0.351 | 0.537 1.262 2.256 3.023 3.8 4.584
23 —0.867 | —0.341 | 0.555 1.274 2.248 2.997 3.753 4515
22 —0.905 |—0.33 |0.574 1.284 2.24 2.97 3.705 4.444
2.1 —0.946 | —0.319 | 0.592 1.294 2.23 2.942 3.656 4372
2.0 —-0.99 |—-0.307 | 0.609 1.302 2.219 2912 3.605 4.298
1.9 —1.037 | —0.294 | 0.627 1.31 2.207 2.881 3.553 4.223
1.8 —1.087 | —0.282 | 0.643 1.318 2.193 2.848 3.499 4.147
1.7 —1.14 | —-0.268 | 0.66 1.324 2.179 2.815 3.444 4.069
1.6 —1.197 | —0.254 | 0.675 1.329 2.163 2.78 3.388 3.99
1.5 —1.256 | —0.24 |0.69 1.333 2.146 2.743 3.33 3.91
1.4 —1.318 |—-0.225 | 0.705 1.337 2.128 2.706 3.271 3.828
1.3 —1.383 |-0.21 |0.719 1.339 2.108 2.666 3.211 3.745
1.2 —1.449 | —0.195 |0.732 1.34 2.087 2.626 3.149 3.661
1.1 —1.518 |—0.18 |0.745 1.341 2.066 2.585 3.087 3.575
1.0 —1.588 |—0.164 | 0.758 1.34 2.043 2.542 3.022 3.489
0.9 —1.66 | —0.148 | 0.769 1.339 2.018 2.498 2.957 3.401
0.8 —1.733 | —0.132 |0.78 1.336 1.993 2453 2.891 3.312
0.7 —1.806 |—0.116 |0.79 1.333 1.967 2.407 2.824 3.223
0.6 —1.88 |—-0.099 | 0.8 1.328 1.939 2.359 2.755 3.132
0.5 —1.955 | —0.083 | 0.808 1.323 1.91 2.311 2.686 3.041
0.4 —2.029 | —0.066 |0.816 1.317 1.88 2.261 2.615 2.949
0.3 —2.104 |-0.05 |0.824 1.309 1.849 2211 2.544 2.856
0.2 —2.178 |—0.033 | 0.83 1.301 1.818 2.159 2.472 2.763
0.1 —2.252 | —0.017 | 0.836 1.292 1.785 2.107 2.4 2.67
0.0 —2.326 0 0.842 1.282 1.751 2.054 2.326 2.576
—0.1 24 0.017 | 0.846 1.27 1.716 2 2.252 2.482
—0.2 —2.472 0.033 | 0.85 1.258 1.68 1.945 2.178 2.388
—0.3 —2.544 0.05 |0.853 1.245 1.643 1.89 2.104 2.294

(continued)
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Table 5.6 (continued)
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Coefficient | Return period in years
of skewness
C;

ool [ 2 s 10 25 50 100 [200

Exceedance probability

0.99 0.5 0.2 0.1 0.04 0.02 0.01 0.005
—-04 —2.615 0.066 |0.855 1.231 1.606 1.834 2.029 2.201
—0.5 —2.686 0.083 | 0.856 1.216 1.567 1.777 1.955 2.108
—-0.6 —2.755 0.099 | 0.857 1.2 1.528 1.72 1.88 2.016
—-0.7 —2.824 0.116 | 0.857 1.183 1.488 1.663 1.806 1.926
—0.8 —2.891 0.132 | 0.856 1.166 1.448 1.606 1.733 1.837
-0.9 —2.957 0.148 | 0.854 1.147 1.407 1.549 1.66 1.749
—1.0 —3.022 0.164 | 0.852 1.128 1.366 1.492 1.588 1.664
—1.1 —3.087 0.18 |0.848 1.107 1.324 1.435 1.518 1.581
-12 —3.149 0.195 | 0.844 1.086 1.282 1.379 1.449 1.501
—1.3 —-3.211 0.21 |0.838 1.064 1.24 1.324 1.383 1.424
—14 —-3.271 0.225 | 0.832 1.041 1.198 1.27 1.318 1.351
-1.5 —3.33 0.24 |0.825 1.018 1.157 1.217 1.256 1.282
—-1.6 —3.88 0.254 |1 0.817 0.994 1.116 1.166 1.197 1.216
—1.7 —3.444 0.268 | 0.808 0.97 1.075 1.116 1.14 1.155
-1.8 —3.499 0.282 | 0.799 0.945 1.035 1.069 1.087 1.097
-19 —3.553 0.294 | 0.788 0.92 0.996 1.023 1.037 1.044
—-2.0 —3.605 0.307 | 0.777 0.895 0.959 0.98 0.99 0.995
—-2.1 —3.656 0.319 | 0.765 0.869 0.923 0.939 0.946 0.949
-22 —3.705 0.33 |0.752 0.844 0.888 0.9 0.905 0.907
-23 —3.753 0.341 | 0.739 0.819 0.855 0.864 0.867 0.869
—24 -3.8 0.351 [ 0.725 0.795 0.823 0.83 0.832 0.833
—-2.5 —3.845 0.36 |0.711 0.711 0.793 0.798 0.799 0.8
—2.6 —3.899 0.368 | 0.696 0.747 0.764 0.768 0.769 0.769
2.7 —3.932 0.376 | 0.681 0.724 0.738 0.74 0.74 0.741
—2.8 —3.973 0.384 | 0.666 0.702 0.712 0.714 0.714 0.714
-29 —4.013 0.39 |0.651 0.681 0.683 0.689 0.69 0.69
-3.0 —4.051 0.396 | 0.636 0.66 0.666 0.666 0.667 0.667

So, for C; = —0.33, by linear interpolation, K;p=1.245 — % x (0.33 —

0.3) = 1.241.

From Eq.5.10, y,g =¥ + Kios, = 3.415 + (1.241 x 0.224) = 3.690

Yio = logo (x19) = 3.690. Hence, x,, = 4898 cumec.

Similarly, we can obtain x5, = 6832 cumec and x,,, = 7613 cumec.
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5.4.4 Extreme Value Type I Distribution

Details of extreme value type I distribution, also known as Gumbel distribution, is
discussed in Chap. 4. In hydrology and hydroclimatology, extreme value type I distri-
bution is mostly used to analyze extreme events like flood peaks, maximum rainfall.
For a hydrologic extreme event X, following Gumbel’s distribution, exceedance
probability of X = x is given by

(x—p)/a

P(X>x))=1—e"° (5.11)
Let us simplify the equation by introducing a dimensionless variable y known as
Gumbel’s reduced variate, given by y = (x — f3) / «, where « and (3 are scale
and location parameter of Gumbel’s distribution, respectively. So, Eq.5.11 can be
rearranged as

PX>x)=1-e*"""

L1
=>PX>x)=1—¢"* =7

o,y = — |:ln <ln Ti 1)i| (5.12)

For Gumbel’s distribution, standard deviation and mean are given by

S, = 1.2825a = o= S,/1.2825
Y=08+05712a = p=x-05772a = f=%—04501S,

Using above equations of « and 3, we can express y as

+0.5772

o BB _ 12825G: =

« Sy
Now for a particular return period T, let us designate y as y, and x as x,, then

1.2825(x; — )

0.5772
yr S, +

(yy —0.5772)

oL Xr =X+ 5805

Sy or,x; =x4+KS; (5.13)
Equation5.13 is the general equation for hydrologic frequency analysis (Eq.5.7),

(v, —0.5772)
where the frequency factor K = ~L55—
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Table 5.7 Frequency factors of Gumbel’s extreme value for different return periods and finite
sample sizes

Samplesize | Return periods (T years)
™)
2.33 5 10 25 50 100
15 0.06 0.97 1.70 2.63 3.32 4.01
20 0.05 0.91 1.63 2.52 3.18 3.84
25 0.04 0.89 1.58 244 3.09 3.73
30 0.04 0.87 1.54 2.39 3.03 3.65
40 0.03 0.84 1.50 2.33 2.94 3.55
50 0.03 0.82 1.47 2.28 2.89 3.49
60 0.02 0.81 1.45 225 2.85 345
70 0.02 0.80 1.43 223 2.82 3.41
80 0.02 0.79 1.42 221 2.80 3.39
100 0.02 0.77 1.40 2.19 2.77 3.35
200 0.01 0.74 1.33 2.08 2.63 3.18
400 0.00 0.70 1.27 1.99 2.52 3.05

Equation5.13 constitutes basic Gumbel’s equations and is only applicable to a
sample of infinite size (i.e., sample size N — 00). But in practice, annual data series
of extreme hydrological events like maximum flood, maximum rainfall are of finite
sample size. Hence, Eq.5.13 is modified to take care of the finite sample size N as
shown below.

xp=x+KS, (5.14)
K= Qr—m (5.15)
Sn
where y, = — [ln (ln %)] is reduced variate for return period 7 and 7y, is reduced

mean, a function of 7 and sample sizeN;as N — o0,y, — 0.5772. S, is the reduced
standard deviation, a function of T and sample size N; as N — oo, S, — 1.2825.

Tables are available for determining y, and S, for a certain sample size (N) and
return period (7). Reduced variate y, can be directly calculated from Eq. 5.12. Then,
K can be calculated by Eq.5.15. All these steps of determining frequency factors
(K) have been summed up and listed in Table 5.7, which directly gives the values of
frequency factors (K) for different sample size (N) and return period (7). Instead
of doing all the steps shown above, readers can directly estimate the values of K
from this table and use to predict some T years extreme event, for a given finite
sample size. If the given sample size is said to be infinite (practically very large),
then we do not need to use this table, and we can directly use Eq.5.13 to calculate
K. Examples5.4.5 and 5.4.6 illustrate the process further.
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Example 5.4.5

The mean annual maximum daily rainfall in a city is 105 mm and standard deviation
is 45 mm. Determine the depth of daily rainfall with 5-year return period in that city.
Use Gumbel’s method and assume sample size to be very large.

Solution If X is a random variable which describes mean annual maximum daily
rainfall in a city, then mean (x) = 105 and standard deviation (S,) = 45. For 5-year
return period, reduced variate will be

e R e

Asthe sample size (N) is very large, we can directly use Eq. 5.13 to evaluate frequency
factor K as shown below

(yr —0.5772)  1.5-0.5772

K = = =0.72
1.2825 1.2825

Now, the depth of annual maximum daily rainfall with 5-year return period in the
city x; =x + KS;, =105 + (0.72 x 45) = 137.40 mm.

Gumbel or Extreme Value Probability Paper

The Gumbel or extreme value probability paper helps to verify whether the given data
follows the Gumbel distribution or not. In this probability paper, the X-axis is used to
represent return period (7). First, y;. values are plotted on an arithmetic scale parallel
to X-axis, say from —2 to 5, as shown in Fig.5.6. Then, some values of T (e.g., 2,
10, 50, 100 years) are chosen and corresponding y, values are marked on X-axis.
Thus, the X-axis is prepared. The Y-axis of the probability paper is used to represent
the value of the variate x, either in arithmetic scale or in logarithmic scale. From
Eqs.5.14 and 5.15, we can see y, varies linearly with x,.. So, a Gumbel distribution
will plot as straight line on a Gumbel paper and linear interpolation/extrapolation is
carried out to evaluate any other value including extreme values with certain return
period.

In order to check if a given set of data follows Gumbel’s distribution, value of x;.
for some particular 7 (maybe 2-3 values of T, where T < N) is calculated using
Eqgs.5.14 and 5.15 and those 2-3 computed data points are plotted on the Gumbel
probability paper. As per the linear property explained in previous paragraph, these
points will lie on a straight line.

So, for the theoretical Gumbel distributions curve, only two points are enough to
draw the straight line. In case of unavailability of the Gumbel paper, a semilog plot
with logarithmic scale of T can be used but then a large set of (x,, T') values are
required to identify the theoretical curve. Next, it is checked whether the theoretical
Gumbel distribution curve fits the observed data points or not. Gumbel’s distribution
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Fig. 5.6 Flood frequency analysis by the Gumbel distribution for Example 5.4.6

has one important property; i.e., the value of x, at T = 2.33 years gives the average
value of the data series if N is very large. Hence, the theoretical plot of x versus T
must pass through this point.

Example 5.4.6

Consider the Example 5.2.1, and verify whether the Gumbel extreme value distri-
bution fits this data series. Then, determine 50-year flood and 100-year flood using
linear extrapolation.

Solution For the given maximum flood data series (X), mean and standard deviation
are calculated as mean, x = 2932.625 cumec and standard deviation, S, = 1427.193
cumec.

As in this case, we are using a semilog plot for verifying the given data, and we
need to estimate x, values for different 7' values. The sample size (N) is 40 here,
and hence consider T < 40. Let us take 7 = 5, 10 and 25 years. The values of K
from Table 5.7 for N = 40 are as follows: K5 = 0.84, Kio = 1.5, and K»5 = 2.33

Now, we can calculate x;, =X + Ko Sy = 2932.6 + (1.5 x 1427.2) = 5073.4
cumec.

Similarly, we get x5 = 4131 cumec and x,; =6258 cumec.

Figure 5.6 shows a semilogarithmic graph paper, where all the observed maximum
annual flood data (as per Weibull formula) and above computed seven points are plot-
ted along with their return periods. A best-fit line is drawn through these seven points.
This straight line basically indicates the theoretical Gumbel distribution. Observing
this figure, we can see how well the given data series fits the theoretical Gumbel
distribution.
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Fig. 5.7 Graphical comparison of results obtained from different methods

Table 5.8 Comparison of results obtained in different methods

Annual maximum Return period
flood (cumec)

10 years 50 years 100 years
Plotting position 5197 7677 8789
(Weibull formula)
Normal distribution 4761 5863 6252
Lognormal 5014 7445 8566
distribution
Log-Pearson 4920 6832 7607
distribution
Gumbel’s distribution | 5073 7600 8700

Now, by linear extrapolation of the line we get

50-year annual maximum flood = 7600 cumec;
100-year annual maximum flood = 8700 cumec.

Note: In this chapter, we have seen that the same set of annual maximum flood
data at a particular river gauging station (given in Table5.1) is analyzed in different
methods and considering different distributions, Table 5.8 shows a comparison of
results obtained by different methods (Fig.5.7).
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Confidence Limits of the Gumbel Distribution

The estimation of the magnitude of a random variable x, for a particular return
period T for Gumbel’s extreme value distribution is shown in the previous section.
However, the x,value obtained in this way is uncertain due to the limited sample
size. Hence, it is useful to compute a range of x,, say x, and x,, which is termed
as confidence limit or confidence interval (CI). The CI is always associated with a
probability measure, known as level of confidence (Chap.6 for more discussion).
Thus, the confidence interval can be defined as the limits of the estimated value of
the variable x,. between which the actual value will lie with a probability of ¢, known
as confidence level.
If x, and x, be the upper and lower bounds of the confidence interval, then

X1 =xp £ f(O)S, (5.16)

where x; = estimated extreme value of the variable with the return period T';
f(c) = a function of confidence probability/level ¢, which is the standard
normal variate Z value for the non-exceedance probability c; S, = standard
error = bj—*ﬁ; b=+1+13K + 1.1K2 N = sample size; K = frequency
factor for the Gumbel distribution; and S, = Standard deviation of the sam-
ple.

The values of f(c) can be read from a standard normal table.

Example 5.4.7

Consider the annual maximum flood data series given in Table 5.1, and estimate the
95 and 99% confidence interval for 100-year maximum annual flood. Use Gumbel’s
extreme value distribution.

Solution Using Gumbel’s extreme value distribution, the 100-year maximum annual
flood is already calculated in Example 5.4.6 and obtained as x,,, = 8700 cumec.

The frequency factor Koy can be read from Table 5.7 for sample size N = 40
and obtained as K o9 = 3.55

b= \/1 +1.3K00 + 1.1KZ = /1 + (1.3 x 3.55) + (1.1 x 3.55%) = 4.413.

From Example 5.4.6, S, = 1427.193, and hence the standard error can be calculated

as
s, 1427.193
_ 443193 gos g

VN V40

For 95% confidence interval, f(c) = 1.96 and hence,

Se=0>

X1, =Xy £ f(c)S, = 8700 £+ (1.96 x 995.8)
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Fig. 5.8 Confidence intervals (95 and 99%) for annual maximum discharge obtained using Gum-
bel’s extreme value distribution

x,= 10652 cumec and x, = 6748 cumec. So, 95% confidence interval of the esti-
mated value of 100-year maximum annual flood is 6748 cumec and 10652 cumec.

For 99% confidence interval, f(c) = 2.575 and hence,
Xj, =xp = f(c)Se = 8700 £ (2.575 x 995.8)

x; = 11264 cumec and x, = 6136 cumec. So, the calculated value of 100-year
maximum annual flood 8700 cumec has a 99% confidence probability of lying
between 11264 cumec and 6136 cumec.

In Fig. 5.8, the black points indicate the values of annual maximum flood magnitudes
for different return periods and a straight line is fitted to these points, shown by black
thick line. The 95% and 99% confidence intervals for various values of return period
are also shown. It can be observed that the range of confidence interval increases
with the increase in confidence level. It can also be noted that the range of confidence
interval increases as T increases.

Frequency Analysis for Zero-Inflated Data

Zero-inflated data contains many zero values apart from other values over a contin-
uous range. For example, daily rainfall data or peak flow values from an ephemeral
river may contain significant number of zero values and positive values over the
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range of 0 to co. Presence of significant number of zeros in a set of data needs some
special treatment, especially if logarithmic transformation is required. Treatment of
zeros can be done by any of the following ways

(i) Addition of small constant to all of the observations. Hence, logarithmic trans-
formation becomes feasible.
(i) Analysis of the nonzero values only and conditioned probabilistic assessment
is carried out. Among the nonzero values is the condition.
(iii) Using the total probability theorem to handle zero values along with nonzero
values. This method is more accurate and discussed here.

The distribution of zero-inflated data will have a probability mass at x = 0 and
continuous density function over x > 0. Such a distribution is known as mixed
distribution (refer Chap.4, Sect.4.3). Application of total probability theorem is as
follows.

Range of the random variable is grouped into two parts, x = 0 and x # 0. Next, by
Theorem of Total Probability, we can write

PX=>=x)= P(X=xlx=0Px=0+P(X>x|x£0)Px #0) (5.17)
Now, P(X > x| x = 0) = 0, and hence,
PX>x)= P(X>=x|x#0)Px #£0) (5.18)

In Eq.5.18, P(x # 0) can be determined based on fraction of nonzero values (k)
in the data. Estimation of P(X > x| x # 0) needs analysis of nonzero values only
with sample size equal to number of nonzero values.

Suppose pdf and CDF of X are givenby fy(x) and Fy(x). Also, consider arandom
variable X, which takes all nonzero values of X with pdf and CDF as g (x) and
G (x). So, Eq.5.18 can be rewritten as

1 — Fy(x) = k(1 — G (x))
= Fy(x) = (1 —k) + kG4 (x) (5.19)

Example 5.4.8

In a set of 100 records of daily rainfall data, 30 values are found to be zero. The rest
of the data have a mean of 50 mm and standard deviation of 12.5 mm. Consider the
nonzero daily rainfall values to follow a lognormal distribution.

(a) Estimate the probability of daily rainfall exceeding 60 mm.
(b) Estimate the magnitude of daily rainfall with an exceedance probability of 0.01.

Solution

(a) Here, we have to find out P(X > 60) =1 — P(X <60) =1 — F,(60)
From Eq.5.19, we get F(60) = (1 — k) + kG, (60)
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Here, fraction of nonzero values k = 70/100 = 0.7

Now for the nonzero values, x,, = 50, S,, = 12.5, and hence, CV,, =
12.5/50 = 0.25

Xnz» Snz, and C'V,, indicate mean, standard deviation, and coefficient of variation
of nonzero values, respectively.

As X, follows lognormal distribution, let us consider another variable ¥ =
log(X,), which follows normal distribution with mean i, and 012/

_osi|— | —osm[—%_]_3ss
Pr= 0 T eve ] T Tr02r ] T

oy =In[14+CV?*] =In[1+40.25*] = 0.0606 = oy = 0.246

Now, Gx(60) = P(X,; <60) = P(InX,; <In60) = P(Y <4.094)

Y — 4.094 — 3.882
=P < Hr

= = P(Z < 0.862) = 0.806
oy 0.246

Hence,
P(X>60)=1—P(X <60)=1— Fx(60) = k(1 — Gx(60)) = 0.7(1 — 0.806) = 0.136
So, the probability of daily rainfall exceeding 60 mm is 0.136.
(b) For daily rainfall with exceedance probability 0.01, P(X > x) = 0.01
Fx(x)=1—P(X > x)=0.99

From Eq.5.19,

Gx(x) = (Fx(x) — 1 +k)/k = (0.99 — 1 +0.7)/0.7 = 0.9857
Further, Gy (x) = P(X,, <x) = P(InX,, <Inx) = P(Y < Inx)

Hence,
Y—puy Inx—3.882
P < = 0.9857
= ( oy = 0246 )
Inx — 3.882
P|Z<—) =0.9857
= ( - 0.246 )
Inx — 3.882
— " —-2.189

0.246
= Ilnx =442
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= x = 83.14

Hence, the magnitude of daily rainfall with exceedance probability of 0.01 is
83.14 mm.

5.5 Risk and Reliability in Hydrologic Design

Hydrologic design is always subject to risk due to uncertainty present in the available
record. Risk (R) is defined as the probability of occurrence of an event [ P (X > xT)]
at least once over a period of n successive years. Thus,

R = P(occurrence of the event X > x; at least once over a period of n successive years)
= 1 — P(non-occurrence of the event X > x; in n successive years)
1

=1—(1-p) =1—<1—?> (5.20)

where P = P(X > x;),returnperiod T = %, and n is the design life of the structure.

On the other hand, reliability (R,) is opposite of risk. It may be defined as the
probability that no extreme event X > x, will occur during the lifetime of the
structure. So, it is given by

R. = P(non-occurrence of the event X > x; in n successive years)

1 n
Re=(1—?> —1-R (5.21)

In design practice, a factor of safety (Fy) 1is also used to take care of uncertainties
arising from various sources. Fj is expressed as

F, =22 (5.22)

where P, is the actual value of the parameter adopted in design and P, is the esti-
mated value of the parameter obtained from hydrological analysis. Sometimes, the
difference (P, — P,) is termed as Safety margin.

Example 5.5.1

A flood embankment has an expected life of 20 years. (a) For an acceptable risk of
5% against the design flood, what design return period should be adopted? (b) If the
above return period is adopted and the life of the structure is revised to be 50 years,
what is the new risk value?
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Solution Expected life of the flood embankment, n = 20 years

1 n
R=1—<1——> =0.05
T
1 20
1-(1-=) =005

=T = 390.4 ~ 400 years

(a) Acceptable risk

(b) If the life of the embankment (n) becomes 50 years and adopted return period is
400 years, new value of risk is given by

1 n 1 50
R=1—-({1—-=) =1—-(1—-— =0.118
T 400

So, the new value of risk is 11.8%.

Example 5.5.2

A barrage is constructed for 75-year design life on a river with a 10% risk. Analysis
of annual peak flow in the river gives a sample mean of 1000 cumec and standard
deviation of 300 cumec. Estimate design flood of the barrage assuming peak flows
follow a Gumbel’s extreme value distribution. If factor of safety F; = 2, then what
will be the design flood?

Solution For the river,

Mean annual peak flow (x) = 1000 cumec.
Standard deviation (S,) = 300 cumec.

The design considers 10% risk for a design life of 75 years.

Hence,
1\
R=1—<1——) =0.1
T
= T =1712.34 = 720 years

Using Gumbel’s extreme value distribution method,

T 720
=—In{In—) =6.578
T — 1) < 719)

yr —0.5772  6.578 — 0.5772
1.2825 1.2825

yp=—In <ln

K= =4.679
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So, the design flood x; = X + KS, = 1000 + (4.679 x 300) = 2404 cumec.
Considering a factor of safety of 2, the design flood = F; x x; = (2 x 2404) = 4808
~ 5000 cumec.

5.6

Concept of Uncertainty

Uncertainty in hydrology can be defined as a situation which involves imperfect
and/or lack of information about any hydrological variable. Uncertainty is to be
dealt with in various aspects of hydrologic design and analysis. There are several
factors that cause uncertainty in hydrologic system, as stated below.

@

(i)

(iii)

(iv)

)

Uncertainty due to inherent randomness of any hydrological event: Intrin-
sic dynamics of hydrologic processes are not known and perhaps could never
be known with certainty. Inherent variation of different hydrologic variables is
influenced by several physical, chemical, biological, and socioeconomic pro-
cesses. As a consequence, uncertainty due to inherent randomness is very com-
plex, unavoidable, and can never be eliminated. Spatio-temporal variation of
hydrological events like flood, rainfall is significantly caused by the natural
inherent uncertainty of the system.
Uncertainty due to the model: Assumptions are always necessary to model
or design any complex system. Hydrologic phenomena are very complex, and
often some simple assumptions are made to develop any model. These simplifi-
cations bring uncertainty into the developed model due to the lack of complete
representation of physical processes in the real system. Model uncertainty can be
reduced to some extent by improving such representations closest to the reality.
For example, model uncertainty may be more in a simple linear rainfall-runoff
model as compared to physically based rainfall-runoff model.
Uncertainty due to model parameters: Hydrological models consist of a few
to several model parameters that are estimated during model calibration. Inabil-
ity to accurately estimate model parameters due to lack of data and knowledge
leads to parameter uncertainty. Apart from estimation, if some changes occur
in operational conditions of a hydrologic system or hydraulic structure, it can
also cause parameter uncertainty. This kind of uncertainty is also reducible to
some extent.

Uncertainty due to data: Generally, a hydrologist has to work under unavoid-
able situation of data scarcity. Not only that, data uncertainty may arise due to
measurement errors, data handling errors, non-homogeneous and inconsistent
data. All these factors result in data uncertainty. Uncertainty due to data can
be avoided by improving the data quality and quantity through improved data
collection and data handling.

Operational uncertainty: This kind of uncertainty is due to human errors
during the execution phase of a design. It incorporates randomness in manu-
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facturing, construction, and maintenance. All these factors lead to operational
uncertainty. Good workmanship and quality control can be adopted to reduce
such uncertainty.

5.6.1 Analysis of Uncertainty

Hydrologic models are always based on simpler approximations of the complex real
system. These models accept different hydrological inputs, operate internally using
some model parameters, and produce output. Both of these inputs and model param-
eters are stochastic in nature, i.e., associated with randomness. The focus of uncer-
tainty analysis is to quantify uncertainty in the model outputs. Uncertainty analysis
may provide two important results: firstly quantification of uncertainty associated
with output and secondly relative contribution of each stochastic input variable to
the overall uncertainty of the system output. The former result helps to quantify the
confidence in the overall output of the model. The latter helps the investigator to
identify the most sensitive input variable.

Uncertainty analysis has three components, namely qualitative uncertainty analy-
sis, quantitative uncertainty analysis, and communication of uncertainty. Qualitative
analysis identifies different uncertainties associated, and quantitative analysis mea-
sures effect of uncertainties of different variables on the system in quantitative terms.
Finally, communication of uncertainty analysis, i.e., how the uncertainty from input
variables and model parameters transfers to model outputs.

5.6.2 Measures of Uncertainty

Quantitative analysis of uncertainty needs to quantify the uncertainty associated with
a random variable. Several methods are available to measure uncertainty, and some
of them are listed below.

(i) Instatistical analysis, uncertainty of arandom variable can be expressed through
the statistical parameters of the distribution, which describes the stochastic
nature of that random variable. One common way to measure the uncertainty is
to use different orders of statistical moments of the distribution. In particular,
variance is the most commonly used measures of uncertainty. Since the variance
is a measure of dispersion of a random variable (refer Chap.2), increase in
variance of data implies the increase in the associated uncertainty (Fig.5.9).

(i) Another measure of uncertainty of a random variable is to quantify it in terms
of confidence interval. A confidence interval is a numerical range that would
enclose the quantity of the variable with a specific level of confidence. Estima-
tion of confidence interval is discussed in Chap. 6.
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Fig. 5.9 Variance and uncertainty

(iii)) Uncertainty is also represented non-parametrically in terms of different quartile
values. When an ordered data set is divided into quarters, the division points
are called sample quartiles. The different quartiles in an ordered data set are:

First Quartile (Q1): It is a value of the data set such that one-fourth of the
observations are less than this value.

Second Quartile (Q5,): It is a value of the data set such that half of the obser-
vations are less than this value. It is equivalent to the median.

Third Quartile (Q3): It is a value of the data set such that three-fourth of the
observations are less than this value.

Difference between first and third quartile is known as inter-quartile range
(IQR). Often the quantiles are represented through a boxplot.

Boxplot: The information regarding the quartiles and the inter-quartile range in
an ordered data set can be represented by a boxplot. The significant information
depicted in a boxplot is:

Upper whisker (Q3 + 1.51IQR)
Third quartile (Q3)

Median or second quartile (Q»)
First quartile (Q;)

Lower whisker (Q; — 1.5IQR).

During the construction of a boxplot, first, the range between Q; and Qs is
represented by a rectangle with a line at Q5. Then, the range between Q and
lower whisker, and Q3 and upper whisker are connected by lines. Sometimes,
5th and 95th quartile values may also be used as lower and upper whiskers
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Fig. 5.10 A typical boxplot

respectively, for large data sets. A typical example of boxplot is shown in
Fig.5.10.

5.7 Reliability, Resilience, and Vulnerability of Hydrologic
Time Series

A chronological sequence of values of a hydrologic variable, collected over a period
of time, is termed as a hydrologic time series. Details of time series analysis are
discussed elaborately in Chap. 9. Three properties of a typical hydrologic time series
are discussed in this section that help to characterize the variable with respect to
lower extreme events. Considering a threshold to delineate satisfactory and unsatis-
factory states, these measures describe how likely a system remains in satisfactory
state (reliability), how quickly it recovers from unsatisfactory state (resilience), and
how severe the consequences of satisfactory state may be (vulnerability). A typical
example could be the series of soil moisture and permanent wilting point (PWP) as
the threshold to determine the satisfactory state, since plants cannot extract water
from soil if the moisture falls below PWP. Let X, (r = 1, 2, ..., n) be the time
series of a hydrologic variable having a data length n.

5.7.1 Reliability

Reliability («) is defined by the probability that a system remains in a satisfactory
state. It is expressed as:



5.7 Reliability, Resilience, and Vulnerability of Hydrologic Time Series 179
a= P(X, €8 (5.23)

where S is the set of all satisfactory states. For a time series, o can be computed as
follows
1 n
a= Lt - Z Z (5.24)
=1

n—-oon

where Z;, = 1,if X; € §; Z, = 0, if X; € F, and F is the set of all unsatisfactory
states.

5.7.2 Resilience

Resilience () is a measure that indicates how quickly the system can return to a sat-
isfactory state after it has fallen in unsatisfactory state (below the threshold). This can
be defined as the ratio between the probability of transition from the unsatisfactory
to the satisfactory state to the probability of failure. Thus,

P(X, e F. X s
yo PXEF Xine S (5.25)
P(X, € F)

where the numerator P(X, € F, X;4; € S) is probability of transition from the
unsatisfactory to the satisfactory state (denoted as p). In the long run, the number of
times the system transforms from the satisfactory to the unsatisfactory state and from
the unsatisfactory to the satisfactory state will be same. Thus, it can be eventually
expressed as P(X; € F, X;y1 € S) = P(X; € S, X;+1 € F). From a time series,

p can be computed as
n

1
p= Lt ~ > oW (5.26)

t=1

where W, is the event of transformation from the satisfactory to the unsatisfactory
state (or vice versa) and W, = 1,if X, € S, X, € F, and W, = 0 otherwise. The
denominator of Eq.5.25 can be expressed as P(X; € F) =1— P(X; € §). Again,
P(X; € §) is expressed as reliability « as explained before. Thus, Eq.5.25 can be
expressed as

(5.27)

5.7.3 Vulnerability

Vulnerability is a measure of severity of an event in unsatisfactory state, once it has
occurred. It can be estimated in different ways. In the context of hydrologic time
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series analysis dealing with lower side extreme, one of the estimate could be
1
v=r Zx i (5.28)
jeF

where x is an observation that belongs to the unsatisfactory state and k is the number
of times the unsatisfactory state occurs.

Example 5.7.1

For a particular location, daily soil moisture was recorded since January 1,2017. From
the data set, first 100 daily soil moisture data is provided in Table A.5 of Appendix A.
If the permanent wilting point is 0.1, then estimate the reliability, resilience, and
vulnerability of this time series of soil moisture data.

Solution Figure5.11 shows the time series soil moisture data (#) given in Table A.5.
As PWP is given as 0.1, the daily soil moisture values falling below PWP (8 = 0.1)
are considered to be falling in ‘unsatisfactory zone.’
For calculation of reliability of this data, we have to use Eq.5.24, ie., a =
nI:>too 'l‘ Zf:] Z
_ )1 if X, € S(Non-filled points above the PWP line in Fig.5.11)
"o if X, € F(Filled points below the PWP line in Fig. 5.11)

So, for each data points we can determine their Z, values and hence Zle Z,. Here,
n = 100. We are considering n = 100 is large enough to assume n — oo. Thus, we
obtain ) /_, Z, = 85.

T
—©6— Soil Moisture data
0.45 ©  soil moisture data < PWP (=0.1) |

Soil Moisture
o o
N o R o
o oo

=4
=

0.05

0 |
0 10 20 30 40 50
Time (Day)

Fig. 5.11 Time series of soil moisture data (¢) for Example 5.7.1
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Table 5.9 Calculation of soil moisture deficit from PWP

Day Soil moisture | Deficit from | Day Soil moisture | Deficit from
data PWP data PWP
0.0179 0.0821 42 0.0439 0.0561
0.0798 0.0202 50 0.049 0.051
0.0959 0.0041 56 0.0774 0.0226

12 0.0444 0.0556 70 0.0171 0.0829

14 0.0938 0.0062 76 0.0305 0.0695

15 0.0443 0.0557 94 0.0757 0.0243

16 0.0917 0.0083 98 0.0468 0.0532

31 0.0882 0.0118 Average deficit 0.04024

So, reliability o = 1 37 | Z, = . = 0.85.
For calculation of resiliency of this data, we have to use Eq.5.27,1.e., v = ﬁ
Where p= Lt 137 W,

n—oo

W, — 1 ifX,eS, X,y e ForX, e F,X,. €S8
T W, =0 otherwise

Similarly, for each data point we can determine their W, values and hence ) ,_, W,.
Here, also n = 100. Thus, we obtain Y _;_, Z, = 24 and hence, p = 13" W, =

24 __
2 —0.24.

So, resilience v = % = % =1.6.

As discussed earlier in Sect. 5.7.3, vulnerability is measured in terms of the mean
soil moisture deficit caused during the failure events. In this case, there are total 15
failure events. The deficit of soil moisture from PWP is calculated for all of those
15 data points (Table 5.9). Average of these deficits, i.e., vulnerability, is obtained as

0.04.

5.8 MATLAB Examples

The frequency analysis of hydrological variable/events can be done in MATLAB
using a number of built-in functions. Some of the function related to distribution of
data is also discussed in Sect.4.5. Apart from earlier discussed function, following
function is useful for this chapter:

e probplot (dist_name,y): This function can be used for plotting any data
(y argument) over probability paper of distribution specified by its name (dist_
name argument).
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This section will provide examples for solving examples using MATLAB. A brief
description of each command line is provided at the end of each line after % symbol.

Following sample script can be used for solving Examples5.2.1, 5.4.2,5.4.3, and

5.4.4.

T

6

10
11
12

13

15
16

r

Box 5.1 Sample MATLAB code for Example 5.2.1 and associated examples

clear all; close all;clc

%% Input
obs_flood=[7065, 3456, 4215, 2435, 3218, 4767, 5368, 3891, 2015,
2498, ...

3345, 1987, 1689, 3200, 5067, 4369, 2589, 1306, 3761, 2450,...
1569, 1862, 2592, 3059, 1595, 1768, 2987, 3679, 4597, 5582,...
1356, 2944, 1541, 2111, 774, 911, 1123, 2884, 3868, 1812];

%% Flood Magnitude for given return period
required_return_periods=[10;50;100];

n=length (obs_flood) ;

% start logging output in a file
output_file=['output’ filesep () ’‘code_1_result.txt’'];
delete (output_file); diary (output_£file) ; diary on;

%% Evaluation return period flood using Weibull formula
% Example 5.2.1
sorted_obs_flood=sort (obs_flood, "descend’) ;

rank=1:n;

exceedence_prob=rank/(l+n) ;
return_period_sorted=1./exceedence_prob;

regress_coeff = [ones(n,1l) log (return_period_sorted) ']\
sorted_obs_flood’;

intercept = regress_coeff (1) ;

slope = regress_coeff (2);

$Evaluation of flood magnitude with given return periods

flood_return_period_l1l0=slope*log (required_return_periods (1)) +
intercept;

flood_return_period_50=slope*log (required_return_periods (2))+
intercept;

flood_return_period_100=slope*log (required_return_periods (3))+
intercept;

$Evaluation of return period for given flood magnitude
flood_threshold=4000;
return_period_flood_4000=exp ((flood_threshold-intercept) /slope) ;

% Display Results

disp ('Using Weibull Formula'’)

disp (* The flood magnitude with return periods of’)

fprintf ('\t 10 years is %3.1f cumec.\n’, flood_return_period_10) ;
fprintf ('\t 50 years is %3.1f cumec.\n’,flood_return_period_50);
fprintf ('\t 100 years is %3.1f cumec.\n’,flood_return_period_100);
fprintf (' The return period for flood magnitude of 4000 cumec\n’)
fprintf (* is %1.0f years.\n\n’,return_period_flood_4000) ;

%% Evaluation return period flood using normal Distribution
% Example 5.4.2

mean_obs_flood=mean (obs_flood) ;
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96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

std_obs_flood=std (obs_flood) ;

$Evaluation of flood magnitude with given return periods
K_10=norminv (l-1/required_return_periods (1)) ;
flood_return_period_l0=mean_obs_flood+K_10*std_obs_flood;
K_50=norminv (l-1/required_return_periods (2)) ;
flood_return_period_50=mean_obs_flood+K_50*std_obs_flood;
K_100=norminv (1-1/required_return_periods (3)) ;
flood_return_period_100=mean_obs_flood+K_100*std_obs_flood;

$Evaluation of return period for given flood magnitude
flood_threshold=4000;
Z_threshold=(flood_threshold-mean_obs_flood)/std_obs_flood;
return_period_flood_4000=1/(1l-normcdf (Z_threshold)) ;

% Display Results

disp ('Using normal distribution’)

disp (' The flood magnitude with return periods of’)

fprintf ('\t 10 years is %3.1f cumec.\n’, flood_return_period_10) ;
fprintf ('\t 50 years is %3.1f cumec.\n’, flood_return_period_50);
fprintf ('\t 100 years is %3.1f cumec.\n’,flood_return_period_100) ;
fprintf (' The return period for flood magnitude of 4000 cumec\n’)
fprintf (' is %1.0f years.\n\n’,return_period_flood_4000) ;

%% Evaluation return period flood using lognormal Distribution
% Example 5.4.3

Y=log (obs_flood) ;

mean_Y=mean (Y) ;

std_v=std (Y) ;

$Evaluation of flood magnitude with given return periods
K_1l0=norminv (l-1/required_return_periods (1)) ;
flood_return_period_10=exp (mean_Y+K_10*std_Y) ;
K_50=norminv (1-1/required_return_periods (2)) ;
flood_return_period_50=exp (mean_Y+K_50*std_Y) ;
K_100=norminv (1-1/required_return_periods (3)) ;
flood_return_period_100=exp (mean_Y+K_100*std_Y) ;

$Evaluation of return period for given flood magnitude
flood_threshold=4000;

Z_threshold=(log (flood_threshold)-mean_Y)/std_Y;
return_period_flood_4000=1/(l-normcdf (Z_threshold)) ;

% Display Results

disp ('Using lognormal distribution’)

disp (* The flood magnitude with return periods of’)

fprintf ('\t 10 years is %3.1f cumec.\n’, flood_return_period_10) ;
fprintf ('\t 50 years is %3.1f cumec.\n’, flood_return_period_50) ;
fprintf ('\t 100 years is %3.1f cumec.\n’,flood_return_period_100);
fprintf (' The return period for flood magnitude of 4000 cumec\n’)
fprintf (* is %1.0f years.\n\n’,return_period_flood_4000) ;

%% Evaluation return period flood using log-Pearson Distribution
% Example 5.4.4

Y¥=10gl0 (obs_flood) ;

mean_Y=mean (Y) ;

std_Y=std (Y) ;

coeff_skewness_Y=skewness (Y) ;

$Evaluation of flood magnitude with given return periods
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112 K_10=1.245-(1.245-1.231)/(-0.1) *(skewness (Y) -round (skewness (Y) ,1)
113 flood_return_period_10=10"(mean_Y+K_10*std_Y) ;

114 | K_.50=1.89-(1.89-1.834)/(-0.1) *(skewness (Y)-round (skewness (Y) ,1));
115 flood_return_period_50=10"(mean_Y+K_50*std_Y) ;

116 K_100=2.104-(2.104-2.029)/(-0.1) *(skewness (Y) -round (skewness (Y) , 1)
)

117 flood_return_period_100=10"(mean_Y+K_100*std_Y) ;

118
119
120 %Evaluation of return period for given flood magnitude
121 flood_threshold=4000;

122 Z_threshold=(logl0 (flood_threshold)-mean_Y)/std_Y;

123 return_period_flood_4000=1/(l-normcdf (Z_threshold)) ;
124
125 % Display Results

126 disp ('Using log-Pearson distribution’)

127 disp (* The flood magnitude with return periods of’)

128 fprintf ('\t 10 years is %3.1f cumec.\n’, flood_return_period_10) ;
129 fprintf ('\t 50 years is %3.1f cumec.\n’, flood_return_period_50) ;
130 fprintf ('\t 100 years is %3.1f cumec.\n’,flood_return_period_100);
131 fprintf (' The return period for flood magnitude of 4000 cumec\n’)
132 fprintf ( is %1.0f years.\n\n’,return_period_flood_4000) ;

133 | diary off;

The output of sample code provided in Box5.1 is provided in Box5.2. Barring
inconsistency due to rounding off, the results match with the solution obtained in
respective examples.

Box 5.2 Results for Box 5.1
-

1 Using Weibull Formula

2 The flood magnitude with return periods of

3 10 years is 5095.5 cumec.

4 50 years 1is 7679.8 cumec.

5 100 years is 8792.8 cumec.

6 The return period for flood magnitude of 4000 cumec
;

8

is 5 years.

9 Using normal distribution
10 The flood magnitude with return periods of
11 10 years 1is 4761.6 cumec.

12 50 years is 5863.7 cumec.

13 100 years 1s 6252.8 cumec.

14 The return period for flood magnitude of 4000 cumec
15 is 4 years.

17 | Using lognormal distribution

18 The flood magnitude with return periods of

19 10 years is 5024.8 cumec.

20 50 years 1is 7477.6 cumec.

21 100 years is 8604.1 cumec.

22 The return period for flood magnitude of 4000 cumec
23 is 5 years.

25 Using log-Pearson distribution

26 The flood magnitude with return periods of
27 10 years is 4923.8 cumec.

28 50 years 1is 6832.6 cumec.
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29
30
31

100 years 1is 7613.1 cumec.
The return period for flood magnitude of 4000 cumec
is 5 years.

Similarly, Example 5.4.8 can be solved by using sample code produced in Box 5.3.

B oW oo =

16

1
2

Box 5.3 Sample MATLAB code for Example 5.4.8

clear all;close all;clc;

%% Inputs

zero_rainfall_mass=30/100;
mean_non_zero_rainfall=50;
std_non_zero_rainfall=12.5;

%% Probability of daily rainfall exceeding 60 mm
x=60;

k=1-zero_rainfall_mass;

CV=std_non_zero_rainfall /mean_non_zero_rainfall;
mean_Y=0.5*log (mean_non_zero_rainfall”2/(1+CV"2));
std_Y=sqrt (log (1+CV"2));

% 1if G_X is the probability of nonzero rainfall being less than 60
% see example 5.4.8
G_X=normcdf (log (x) ,mean_Y,std_Y) ;

prob_rainfall_more_than_60=k*(1-G_X) ;

%% Magnitude of daily rainfall with an exceedence probability of
0.01

exceedence_prob=0.01;

rainfall_cdf=1-exceedence_prob;

% 1if G_X 1is the probability of nonzero rainfall being less than x
% see example 5.4.8

G_X=(rainfall_cdf -1+k) /k;

rainfall _with_exceedence_prob=exp (norminv (G_X,mean_Y,std_Y));

%% Display Result

output_file=["'output’ filesep () ‘code_2_result.txt’'];

delete (output_file); diary (output_£file) ; diary on;

fprintf (' The probability of daily rainfall exceeding 60 mm is %1.2
EoWNm? pooo
prob_rainfall_more_than_60)

fprintf ('Magnitude of daily rainfall with an exceedence
probability of 0.01 is %$1.2f.\n’,...
rainfall_with_exceedence_prob)

diary off

The output of sample code provided in Box 5.3 is provided in Box 5.4. The result
matches with the solution obtained in Example 5.4.8.

Box 5.4 Results for Box 5.3

The probability of daily rainfall exceeding 60 mm is 0.14.
Magnitude of daily rainfall with an exceedence probability of 0.01
is 83.16.

The Example 5.5.2 can be solved using the sample script given in Box 5.5.
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Box 5.5 Sample MATLAB code for Example5.5.2

clear all; close all;clc;

%% Inputs
mean_peak_flow=1000;
std_peak_flow=300;
design_1life=75;

FOS=2; % Factor of safety

T=eval (solve ([’'1-(1-1/x)"’ num2str (design_1life) '=0.1"1));
y_T=-log (log (T/(T-1)));

K=(Y_T-0.5772)/1.2825;
design_flood=mean_peak_flow+K*std_peak_flow;
design_flood_with_FOS=design_flood*FOS;

%% Display Result

output_file=['output’ filesep () ’code_3_result.txt’];

delete (output_file); diary (output_file) ; diary on;

fprintf (' The regquired design flood is %3.2f.\n’,...
design_flood_with_FO0S)

diary off

The sample code presented in Box 5.5 calculated the design flood of barrage to be
4808 cumec which matches with the Example 5.5.2.

Exercise

5.1 If the return period of a hurricane is 500 years, find out the probability that no
such hurricane will occur in next 10 years. Consider occurrence of such hurricanes
follows Poisson distribution. Ans:0.98

5.2 The annual rainfall magnitudes at a rain gauge station for a period of 20 years
are given below in the table

Year Annual rainfall (cm) Year Annual rainfall (cm)

1975 120 1985 100
1976 85 1986 108
1977 67 1987 105
1978 95 1988 113
1979 108 1989 98
1980 92 1990 93
1981 98 1991 76
1982 87 1992 83
1983 79 1993 91
1984 86 1994 87

Determine the following

(a) The probability of occurrence of an annual rainfall more then 100 cm. Ans:0.286
(b) Dependable (80%) rainfall at this rain gauge station. Ans:79.84 cm.
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5.3 The records of peak annual flow in a river are available for 25 years. Plot the
graph of return period versus annual peak flow, and estimate the magnitude of peak
flow for (a) 50 year and (b) 100 year return period. Use Weibull plotting position
formula. Ans: (a) 6991 cumec, (b) 7912 cumec.

Year Annual peak flow (cumec) Year Annual peak flow (cumec)

1960 4780 1973 989
1961 2674 1974 1238
1962 4432 1975 1984
1963 1267 1976 2879
1964 3268 1977 2276
1965 3789 1978 3256
1966 2348 1979 3674
1967 2879 1980 4126
1968 3459 1981 4329
1969 4423 1982 2345
1970 5123 1983 1678
1971 4213 1984 1198
1972 3367

5.4 Use the annual peak flow data in Exercise 5.3, and find out the best-fits distribu-
tion for the data using probability paper among (a) normal distribution, (b) lognormal
distribution, and (c) Gumbel’s distribution.

5.5 From analysis of flood peaks in a river, the following information is obtained

(a) The flood peak data follows lognormal distribution.
(b) Flood peak of 450 cumec has a return period of 50 year.
(c) Flood peak of 600 cumec has a return period of 100 year.

Estimate the flood peak in the river with 1000-year return period. Ans:1347 cumec.

5.6 Repeat the Exercise 5.5 if the flood peak data follows Gumbel’s extreme value
distribution. Ans:1096 cumec

5.7 Maximum annual flood at a river gauging station is used for frequency analysis
using 30-year historical data. The frequency analysis performed by Gumbel’s method
provides the following information.

Return period (years) Max. annual flood (cumec)
50 1060
100 1200

(a) Determine the mean and standard deviation of sample data used for frequency
analysis. (Ans: mean = 385 cumec, std. deviation = 223 cumec)
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SI. No. Station Sample size Mean annual Std. deviation of annual

(years) flood (cumec) flood (cumec)
1 A 92 6437 2951
2 B 54 5627 3360

(b) Estimate the magnitude of flood with return period 500- year (Ans: 1525 cumec).
5.8 Consider the following annual flood data at two river gauging stations

(a) Estimate the 100- and 1000-year floods for both the stations. Use the Gumbel
method.
(b) Determine the 95% confidence interval for the predicted value.

Ans: (a) Q190 = 16359 £ 2554 cumec and Q gy = 22023 & 3744 cumec and (b)
Q100 = 17298 4 3885 cumec and Qgp0 = 23935 £ 5721 cumec.

5.9 A structure is proposed to be built within the 50-year flood plain of the river. If
the life of the industry is 25 years, what is the reliability that the structure will never
face flood. (Ans: 0.603)

5.10 A bridge with 25 years expected life is designed for a flood magnitude of 100
years. (a) What is the risk involved in the design? (b) If only 10% risk is acceptable
in the design, what return period should be adopted in the design? (Ans: (a) 0.222
(b) 240 years).

5.11 Frequency analysis of flood data at a river gauging station is performed by
log-Pearson type III distribution which yields the following information
Coefficient of skewness = 0.4

Return period (years) Max. annual flood (cumec)
50 10600
100 13000

Estimate the magnitude of flood with return period of 1000 years (Ans:23875
cumec).

5.12 The following table gives annual peak flood magnitudes in a river. Estimate the
flood peaks with return period 10, 100, and 500 years using (a) Gumbel’s extreme
value distribution, (b) log-Pearson type III distribution, and (c) lognormal distribution
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Year Q (cumec) Year Q (cumec) Year Q (cumec) Year Q (cumec)
1950 1982 1965 1246 1980 2291 1995 1252
1951 1705 1966 2469 1981 3143 1996 983
1952 2277 1967 3256 1982 2619 1997 1339
1953 1331 1968 1860 1983 2268 1998 2721
1954 915 1969 1945 1984 2064 1999 2653
1955 1557 1970 2078 1985 1877 2000 2407
1956 1430 1971 2243 1986 1303 2001 2591
1957 583 1972 3171 1987 1141 2002 2347
1958 1325 1973 2381 1988 1642 2003 2512
1959 2200 1974 2670 1989 2016 2004 2005
1960 1736 1975 1894 1990 2265 2005 1920
1961 804 1976 1518 1991 2806 2006 1773
1962 2180 1977 1218 1992 2532 2007 1274
1963 1515 1978 966 1993 1996 2008 2466
1964 1903 1979 1484 1994 1540 2009 2387

189

(Ans: (a) Q1o = 2829 cumec, Q1990 = 4066 cumec, Q509 = 4672 cumec, (b)
Q1o = 2762 cumec, Q190 = 3351 cumec, Q590 = 3553 cumec, (c) Q19 = 2851
cumec, Qg9 = 4142 cumec, Q500 = 5045 cumec)

5.13 The following table gives soil moisture (SM) data at a particular location.
Consider PWP as 0.12 and evaluate reliability, resilience, and vulnerability of the

data.

Day SM Day SM Day SM Day SM

1 0.0816 11 0.4080 21 0.0717 31 0.2834
2 02253 12 03745 22 0.2253 32 0.2953
3 0.1944 13 0.1647 23 0.4149 33 0.1647
4 03370 14 02654 24 0.3370 34 0.1190
5 0.1208 15 0.1300 25 0.2500 35 0.0655
6 0.0954 16 02703 26 0.1423 36 0.0532
7 0.0562 17 03837 27 0.1258 37 0.0296
8 02382 18 0.3152 28 0.1228 38 0.2145
9 0.1949 19 0.1448 29 0.2948 39 0.1526
10 0.3500 20 0.1152 30 04024 40 0.1210

(Ans: Reliability = 0.775, resilience = 0.889, vulnerability = 0.044).



Chapter 6 ®)
Hypothesis Testing and Nonparametric e
Test

It is often required to make some inferences about some parameter of
the population on the basis of available data. Such inferences are very
important in hydrology and hydroclimatology where the available data
is generally limited. This is done through hypothesis testing. However,
hypothesis testing requires the knowledge of sampling distribution of
different statistics and parameter estimation. Sampling distribution of
mean and variance and two types of parameter estimation — point esti-
mation and interval estimation — are discussed at the starting of this
chapter. Next, the hypothesis testing is taken up. Different cases are dis-
cussed elaborately with illustrative examples. Later, a few statistical tests
are discussed that deal with the goodness-of-fit of a probability distri-
bution to the data using the knowledge of hypothesis testing. Some of
the commonly used nonparametric tests are also explained along with
appropriate examples in the field of hydrology and hydroclimatology.

6.1 Populations and Samples

The concept of sample and population is very important. A population is a complete
set of items that share at least one attribute in common that is the subject of a
statistical analysis, for example mean soil moisture content (SMC) over a field. As
we can imagine, we can collect countably infinite soil samples to measure the SMC.
The entire set of such measurements (data), which is infinite (over a range), forms the
population. Practically, we may collect some samples and have as many as possible
but finite number of SMC data. This finite number of data forms the sample. It may
also be noted that the population need not be always infinite. Number of rainy days
over some span of periods is an example of finite population.

A population is characterized by the probability distribution function of the asso-
ciated random variable X. If a population is infinite, it is impossible to observe all
the values, and even if the population is finite, it is impractical to observe all the
values. Thereby it is necessary to use a sample, which is a part of a population. To
obtain a reliable assessment of the population, it is very important for the sample to
be representative of the entire population that is called random samples.
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6.2 Random Samples

Random samples can be defined as a set of observations X, X, ..., X,, drawn from
finite or infinite population in such a way that each element has equal probability
of being selected or there is no biasness to any subset. This ensures that the sample
represents the same statistical properties of the population. The reliability of con-
clusions drawn from a sample depends on whether the sample is properly chosen
following the aforementioned criteria so as to properly represent the population.

Different sample statistics are computed from the samples (Chap.3). However,
variation of sample statistics from sample-to-sample is inevitable. This is true for any
application field including hydrology and hydroclimatology. This sample-to-sample
variation gives rise to sampling distribution of different statistics.

6.3 Sampling Distribution

Consider the same example of a random sample of n soil samples that has been
collected for soil moisture estimation, and let X and S? be the calculated mean and
variance from the sample. Now if we consider another random sample of same size
n, it is almost unlikely that the X or S? will have same values as the first sample. The
difference among these sample statistics may be attributed to many issues includ-
ing chance of selecting the samples and experimental procedure. The variation is
a very important aspect, and a sample statistic is computed from a random sample
(X1, X, ..., X,). Refer to Chap. 3 for details. A sample statistic itself is a random
variable since it varies from sample to sample. The sample statistics summarizes the
characteristics of the sample and estimate population parameters through statistical
inference. In other words, the properties of the population are inferred from the prop-
erties of the sample. It requires the knowledge of probability distribution of a sample
statistic.

The probability distribution of a sample statistic is called the sampling distribution
of the statistic. Sampling distributions of two most commonly used statistics—mean
and variance are discussed in this section.

Note: A sample statistic is a random variable, while a population parameter is a fixed
value.

6.3.1 Sampling Distribution of the Mean

Let fy(x) be the probability distribution of the population from which we have drawn
the samples of size n each. Then, it is natural to look for the probability distribution
of the mean (x), which is called the sampling distribution of the mean. The following
theorems are important in this connection:
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Theorem 1 The mean of the sampling distribution of means, denoted by i, is given
by:
E(X):/,l,yz/u, (6.1)

where L is the mean of the population.

Theorem 2 Ifthe population is infinite, then the variance of the distribution, denoted
by J%, is given by:

where o is the variance of the population and n is the sample size.

Theorem 3 Ifthe population is finite, then the variance of the distribution, denoted

by 0%, is given by:
2 N —
a%:a—(N ';) 6.3)
n _

where o2 is the variance of the population, N is the size of the population, and n
is size of the sample. The factor (N — n) / (N — 1) is called the finite population
correction factor, close to 1 (and can be omitted for most practical cases) unless the
sample constitutes a substantial portion of the population.

Theorem 4 If the population from which samples are taken is normally distributed
with mean i and variance o*, then the sampling distribution of mean is normally
distributed with mean 1 and variance o? / n. In this case, larger the sample size,
closer we can expect X to be to the mean of the population. In this sense, we can say
that the mean becomes more and more reliable as an estimate of u as the sample
size is increased.

Theorem 5 Suppose that the population from which the samples are taken has a
probability distribution with mean (1 and variance o that is not necessarily a normal
distribution. Then, the standardized sample mean is given by:

_X-p
NG

where Z is a random variable whose distribution function approaches that of the
standard normal distribution as n— oo.

7 (6.4)

Theorem 6 Aforementioned theorems assume that the variance is known. However,
in case of unknown variance, the variance is to be evaluated from a sample of the
population (S%). Then, the standardized sample mean is given by:

_ X
7 = S/ﬁ (6.5)
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6.3.2 Sampling Distribution of the Variance

Similar to mean, the variance will also vary from sample to sample that can be
estimated through its sampling distribution. Following theorems can be considered
for the sampling distribution of variance:

Theorem 7 If S? is the variance of a random sample of size n taken from a normal
population having the variance o?, then ((n —1)8? / 02) is a random variable that
follows a chi-square distribution (Xz) with degree of freedom v =n — 1.

Theorem 8 If S? and S3 are the variances of two independent random samples of
size ny and ny, respectively, taken from two populations that follow normal distribu-
tion having the same variance, then (S12 / S%) follows F distribution with degrees of
freedom v, =n; — land v, =n, — 1.

Caution: The procedures for making inferences on variance are not robust. It must be
ensured that the underlying population follows normal distribution. For non-normal
populations sampling distribution of variance (S?) not only depends on the population
variance (0%) but also on higher-order moments (e.g., 113, ft4). Thus, for the samples
drawn from non-normal population, aforementioned procedure of making inference
on variance is not applicable.

6.4 Statistical Inference

Recall that a sample statistic is a random variable, while a population parameter
is a fixed value. Statistical inference is the method of quantitative assessment of
population parameter in a statistical sense based on the sample data set which can
be considered to represent the entire population. For example, following questions
need statistical inference to answer based on the sample data:

(i) Is the mean seasonal rainfall lies between 750 mm and 900 mm?
(ii) Is the mean streamflow at a gauging site is greater than another gauging site?
(iii) Is the wind speed more in season A than in season B?
(iv) Is the variation of soil moisture over a region lies within the limit of a specific
range?

Thus, propositions about a population, using sample data (drawn from the popula-
tion), are made through the statistical inference. In other words, the characteristics
of the population are learnt through a statistical inference from a sample. Statistical
inference mainly deals with parameter estimation and hypothesis testing. Parameter
estimation is generally of two types—point estimation and interval estimation. All
these methods are explained in the following sections.
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Table 6.1 Examples of point estimates most commonly used in statistics

Serial No. Statistical parameter (6) Estimator (é)

1 Population mean (1) X = % DX

2 Population variance (02) §2 = ﬁ > — %)?

3 Coefficient of skewness () Cy = (n_l)”w % Do xi — 03

4 Coefficient of kurtosis (K) k= szzmw DN

6.4.1 Point Estimation

Point estimation can be defined as a statistic, which is a single value evaluated
from the sample data. The statistic can be considered to be reasonably close to the
population parameter (e.g., mean and variance) it is supposed to estimate. Let us
consider a random variable X, such that X ~ fx (x; ) with 6 as its parameter.
Also, let x,, x,, ..., x, is a random sample drawn from this population. Then, we
can estimate a statistic 0 (where hat signifies a sample-based estimate, or sample
estimate) such that § = h (x,, X, ... x,) which can be considered as an estimate of ¢
(population parameter). A statistic 0 can be an unbiased (if on an average, the value

of sample estimate is equal to the parameter, i.e., E (é) = 0) or biased estimator

(E (é) # ). Some very common examples of point estimation are given in Table 6.1

(or Table 3.1 p. 65 in Chap. 3). There are different methods for parameter estimation
like mean square error, method of moments, and maximum likelihood method as
explained elaborately in Chap. 3.

6.4.2 Interval Estimation

Interval estimation provides a range for a statistic evaluated from the sample data.
It is estimated such that the corresponding parameter of the population will lie in
this interval with certain statistical confidence. Let us consider a random variable X,
such that X ~ fy (x; 6) and x,, Xy sennsXn is a random sample. The probability that
0 lies within an interval (L, U), also referred to as confidence interval, is given as,

PL<0<U)=1-« (6.6)
where « is the probability that 6 will not lie in the given interval, also known as

the significance level. The statistical confidence level of the estimated interval is
100 (1 — @) %. The interpretation is shown in Fig. 6.1. For a = 0.05, i.e., 95%
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95% Confidence Limit
of Mean

Sample Means, X

Fig. 6.1 Representation of 95% confidence interval of mean. The curve line indicates a probability
density function for which 95% probability is within the upper and lower limits (dotted lines)

confidence interval of mean will capture 95% of means (considering many samples)
within it in a statistical sense.

Single Sample Confidence Interval Estimations

In this section, we will discuss the confidence interval (CI) for statistical parameters
of a population. Let us consider a random variable X, such that X ~ N (,u, 02) and
Xy, Xy, ..., X, is arandom sample (n is the sample size). The following cases provide
the expression for two-sided 100 (1 — a) % CI of different statistical parameters.

e Case 1: 100 (1 — a) % CI of mean when variance (¢2) is known,

_ o _ o
X —Zop—= X+ Zuop

)

whereX = 13" x;and P (x > Zop0) = P (x < —Zap2) = /2.
e Case 2: 100 (1 — ) % CI of mean when variance is unknown,

X — a'/2,n—17ax a/2,n—1"F—=
n Jn

where ¥ = %Z, xi, §* = ﬁ > —%)? and P (x > ta/2,n—l) =
P (x < —ta/z,,,,l) = «a/2 at (n — 1) degrees of freedom.
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100(1 — )% 100(1 — )%
Upper CI Lower CI
le > < »l
! 1
a% i
1
1
1
I
a%
A A
Lower limit of upper CI Upper limit of lower CI|

Fig. 6.2 Different one-sided confidence interval

e Case 3: 100 (1 — ) % CI of variance,
n—18 m—-1)8°
X(zy/z,nq ’ X%fa/Z,nfl
where §2 = ﬁ > —%)%and P (x > X(ZI/Z,nfl) =P (x < X%fa/lnfl) =
a/2 at (n — 1) degrees of freedom.
Note that in case of one-sided CI (contrasted against two-sided CI, mentioned
before) as shown in Fig. 6.2, the upper (or lower) limit of 100 (1 — «) % lower (or
upper) confidence interval for each of the above cases can be evaluated from the

respective distributions, e.g., normal, ¢ or chi-square distribution.
e Case4: Upperlimitof 100 (1 — a) % lower Clof meanisx+Z, %= T

(%) is known. The corresponding one-sided lower Cl is ( o0, X+ Z

when variance

o [) Note
that the lower limit of this CI is —oo since the lower bound of the sampling

distribution of mean (Normal distribution) is —oo.

e Case5: Lowerlimitof 100 (1 — ) % upper Clof meanisx —Z when variance

oo). Note

af’

(0%) is known. The corresponding one-sided upper CI is ( Q\/—H,

that the upper limit of this CI is oo (same reason as in case 4).
e Case 6: Similarly, in case of variance, upper limit of the 100 (1 — &) % one-
sided Cl is M, and the lower bound of sampling distribution of variance (2

1—a,n—1

. . . . . . . —_ 2
distribution) is zero. Thus, the one-sided lower CI of variance is (O, ;;&)

1—a,n—1

e Case 7: Conversely, lower limit of 100 (1 — «) % one-sided upper CI of variance is
@ DS DS , and the upper bound of sampling distribution of variance (> distribution)

a, n—l

is co. Thus, the one-sided upper CI of variance is (m;i oo)

a,n—1
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Example 6.4.1
The rainfall data for the summer monsoon rainfall at a gauging station in the recent
years is as follows,

Year 2010 2011 2012 2013 2014 2015 2016
Rainfall (mm) 443 456 503 480 536 600 545

Evaluate the 90% confidence interval of variance and upper limit of 95% confi-
dence interval of mean.

Solution The sample mean and variance as calculated from the data are,
¥ = 509 and S* = 3058

The CI of variance can be evaluated using the chi-squared distribution as follows:

’

@ Q2 _ _
((n DS (n 1)S>=<(7 1)30s8 @ 1)3058>=(1457,11222)

2 ) 2 2
Xa/2n-1 Xl—a/2,n—1 X0.05,6 X0.95.,6

Therefore, the 90% confidence interval of variance for the given datais (1457, 11222).
The upper limit of 95% CI of mean can be evaluated using the t-distribution as
follows,

S /3058 /3058
X+ ta’n_lﬁ =509 + 10.05.6 ﬁ = 509 + (1.943) x ﬁ

Therefore, the 95% upper confidence interval of mean for the given data is
(—00, 549.61).

= 549.61

Two-Sample Confidence Interval Estimations

In this section, we will discuss the confidence interval (CI) for statistical parameters
involving two independent normal distributions. Let us consider two random vari-
ables X; and X», such that X; ~ N (ul, 012) and X, ~ N (uz, O’%). Also, consider
X11, X12, - - ., X1, 1s @ random sample of size n; and x,1, X22, . . ., X2, 1S @ random
sample of size n,.

Case 1: 100 (1 — «) % CI of difference in mean when variances (012 and O'%) are

known,
_ o or _ _ o2 o3
(X1 —=X2) — Zappy| — + =, (51 = X2) + Zoppy — + —
ni ny nj np
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Case 2: 100 (1 — «) % CI of difference in mean when variances are unknown,

_ 1 1 1 1
((xl = X2) = laj2 Spy[ — + —, (X1 = X2) +1aj2 Sp, | — + —)
n ny n) ny

where Sp — S (n1— 1)+Sz(nz 1)

Case 3: 100 (1 — a) % CI of ratio of variance,

1 s? 512 Fu | H
’ e} n, —1,n —
FQ/z(}’ll 1 ny — 1) S2 Sz /272 !

where P (X < Fl—a/2(n2 - 1,1’11 — 1)) =P (.X > Fa/z(nz — 1,]11 - 1)) = 04/2
Case 4: Upper limit of 100 (1 — «) % lower CI of difference in meanis (x; — x)+

2 2
Zon/ Z—: + Z—f, when variances are known. The corresponding one-sided lower CI

is <—oo, (X1 —x) + Zm/§ + %) Note that the lower limit of this CI is —oo
since the lower bound of the sampling distribution of difference in mean (Normal
distribution) is —oo.

Case5: Lower limitof 100 (1 — ) % upper Cl of difference inmeanis (x; — x;)—

o/ Z: + when variances are known. The corresponding one-sided upper Cl is
( (X1 —%2) = Zan/ - ”‘ + ) Note that the upper limit of this CI is oo (same

reason as in case 4).

Case 6: Similarly, in case of ratio of variance, upper limit of the 100 (1 — &) %
one-sided Cl is i_g F,(n,—1, n;—1), and the lower bound of sampling distribution
of ratio of variance (F distribution) is zero. Thus, the one-sided lower CI of ratio
of variance is (0, i—;; F.(n, —1,n; —2)).

Case 7: Conversely, lower limit of 100 (1 — a) % one-sided upper CI of ratio of
m "} , and the upper bound of sampling distribution of ratio of
variance (2 distribution) is co. Thus, the one-sided upper CI of ratio of variance

is(— 1t St
S\Fa—tmoa 520 %)

variance is

Example 6.4.2

The mean of maximum temperature (in °C) at locations A and B are observed to be
10 and 12, respectively. Evaluate the 95% confidence interval of difference in mean
considering the data size at each location is 40. Variances are known to be 420 and
560 for location A and B, respectively.
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Solution Given, X; = 10, 07 = 420 and ¥ = 12, 03 = 560

Sampling distribution of x; follows N (71 o1 / N ) and X, follows
N (B2,0/ )

Hence, the sampling distribution of the difference in mean (x; — ) is a ran-
dom variable that follows a normal distribution with mean (Xx; — X;) and standard
deviation ,/ Z—:z + Z—f

Thus, the CI of difference in mean can be evaluated using the standard normal
distribution as follows,

n ny

= ((10 —12) — z0.005/2¢/ 2 + 320, (10 — 12) + 20,0252/ 52 + %)
= (—11.85, 7.85)

_ 2 2 2 2
((xl—xz)—zn/z Z—i+;—§,(x1—x2)+za/2 ﬂ-l-ﬁ)

Therefore, the 95% confidence interval of difference in mean is (—11.85, 7.85).

6.4.3 Hypothesis Testing

Hypothesis testing is the process of accepting or rejecting an assumption regarding
a population parameter, which may or may not be true. Often, we need to make
decisions about population parameters on the basis of a sample. Such decisions are
called statistical inferences. There are many problems in which we must decide
whether a statement concerning a parameter is true or false; that is, we must test
the hypothesis about a parameter. A procedure that enables us to accept or reject
a hypothesis or to determine whether observed sample statistics differ significantly
from population parameters are called test of hypothesis.

Null and Alternative Hypothesis

In attempting to reach a decision, it is always useful to make assumptions about
the population involved. Initially, it is needed to decide the neutral or by default
assumptions. This is denoted as null hypothesis (H,). The opposite of it, that we
want to test is assigned as alternative hypothesis (H,). For instance, if we want
to show that one irrigation technique is better than the other (H,); initially, we
hypothesize that both the techniques are equally effective (H,). Similarly, if we want
to decide whether rainfall at a location is greater than another location (H,), we
formulate the hypothesis that there is no difference in rainfall at two locations (H,).
Such hypothesis is often called null hypothesis denoted as H,.
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Table 6.2 Types of error in hypothesis testing

True fact Decision making
Accept Reject
Hypothesis is true Correct Type I error
Hypothesis is false Type 1I error Correct
Type I and Type II Errors

If null hypothesis H is true and not rejected or the hypothesis is false and rejected,
the decisions in either case are correct. If hypothesis H is true but rejected, it is called
Type I error . If Hypothesis H is false but not rejected, this is also an error and known
as Type II error. These are shown in Table 6.2.

The probability of committing Type I error when the hypothesis is true is desig-
nated by « also known as level of significance. The probability of committing Type
IT error when the hypothesis is false is designated by (3. Our major aim is to minimize
the error which is generally achieved by fixing the value of o and minimizing 3 as
far as possible.

Tests of Hypotheses

To approach the problem of hypotheses testing systematically, it will help to proceed
as outlined in the following steps:

(i) Formulation of null hypotheses and appropriate alternative hypotheses which
can be accepted when the null hypotheses are rejected.
(ii) Specification of the probability of Type I error or significance level, designated
by a.
(iii)) Based on the sampling distribution of an appropriate statistic, a criterion for
testing the null hypothesis against the alternative is constructed.
(iv) From the data, the value of the test statistic on which the decision is to be based
is evaluated.
(v) The final decision is whether to reject the null hypotheses or whether to fail to
reject it.

Note that it is generally not concluded that the null hypothesis is accepted, instead it
states whether one can or cannot reject the null hypothesis. This decision is based on
the value of the test statistic and the significance level. The significance level decides
the critical zone. If the test statistics fall within the critical zone, the null hypothesis
is rejected; otherwise, it cannot be rejected. Explanation of critical zone is as follows.

There are two types of test—namely one-sided and two-sided test. Considering o
as the significance level, the critical zone or rejection zone for one-sided test is either
[1b, x1_a] or [xa, ub] based on the hypothesis to be tested. The zone [Ib, x1_] is
for ‘greater than’ and [x,, ub] is for ‘less than’. In these limits, /b and ub are the
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m==m Probability of Type-I error/ Significance level

= = =
B = =
=5 5 5
~ ~ ~
a
al2 al2
< a2y far < Ta x  la >

Fig. 6.3 Pictorial representation of rejection zone or critical zone for the two-sided (left panel) and
one-sided (left sided—middle panel and right sided-right panel) test in hypothesis testing

=== Area under the curve is equal to the p-value
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o2 o e
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Fig. 6.4 Pictorial representation of p-value with respect to the test statistic (x;) for two-sided (left
panel) or one-sided (left sided—middle panel and right sided—right panel) tests. In case of two-
sided, summation of the two regions is the p-value. Note: If the distribution is asymmetric (e.g., x>
or F distribution), the values of two limits of the shaded zone will not be same with opposite sign

lower and upper bound of the sampling distribution, respectively, x;_, and x,, are the
values such that P (X > x;—,) = (1 — @) and P (X > x,) = «. For a symmetrical
sampling distribution, such as normal distribution, critical zone or rejection zone for
one-sided test is either (—oo, —x,] or [x,, 00) based on the hypothesis to be tested,
i.e., (—00, —x,] is for ‘greater than’ and [x,, 00) is for ‘less than’.

For the wo-sided test, the critical zones are [Ib, X1_o/2] and [xa/2, ub] with the
same notations explained before. For a symmetrical sampling distribution, such as
normal distribution, critical zones for two-sided test are (—oo, —x%] and [x%, oo)
The representations of critical zones are shown in Fig. 6.3. In all the cases, the null
hypothesis is rejected if the test statistic lies in the critical zone.
p-value:

In each of these cases while carrying out the hypothesis test, a p-value can be
evaluated. The p-value is the probability of obtaining a value of the test statistic
that is as extreme as or more extreme than the value actually observed. Figure 6.4
explains the concept of p-value with respect to the test statistic (x) for one-sided or
two-sided tests.

The following section explains the approach for selection of an appropriate test
statistics and the rejection region for different cases.
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Single Sample Test

In this section, we will discuss the criterions for hypothesis testing of statistical
parameters for a normally distributed population. Let us consider a random variable
X, such that X ~ N (u, 0) and x, x5, . . . x,, are a random sample of size n.

Case 1: Hypothesis concerning one mean when variance is known

Testing of the null hypothesis where a population mean equals/is greater than/is
lesser than a specified constant value with suitable one-sided or two-sided test when
the variance of the population is known.
X — o

N

Test Statistic: z =

~ N(0,1) (6.7)

where X is the sample mean and i, is a particular value of mean for which the
hypothesis is to be tested.
The rejection criterion for three different cases is shown as follows,

H, H, Rejection Region

B= o b F fho 1zl > Zaj2
B o <o z<—Za
B o > o z>Zq

Example 6.4.3

50 years of annual record is used to compute the mean annual rainfall at a gauging
station. The mean is equal to 1460 mm. Is the population mean (u) significantly
different from 1500 mm at a level of significance of 0.05? Assume the population
standard deviation as 150 mm.

Solution  Null hypothesis H, : ;. = 1500 mm
Alternative hypothesis H, : 1 1500 mm
Level of significance: o = 0.05 (given)
As the standard deviation of the population is given, the z statistics can be used.

T—p 1460 — 1500

_ _ — 1388
“To/n 150/@

Based on the alternative hypothesis, it is a two-sided test, thereby at 0.05 significance
level Z,/» = £1.96 (P (z > z4/2) = 0.025). Thus, the critical zone is (—co, —1.96]
and [1.96, 00).

Since the value of the test statistic does not lie in the critical zone, the null hypoth-
esis cannot be rejected at a level of significance 0.05.



204 6 Hypothesis Testing and Nonparametric Test

Therefore, the mean annual rainfall at the gauging station may be considered to
be equal to 1500 mm at a level of significance of 0.05.

Example 6.4.4

It is found from the long-term historical data that the mean wind speed of a region is
51.35 km/h and standard deviation is 11 km/h. It is required to test whether the mean
has increased or not. To test this, a sample of 80 stations in that region is tested and
it is found that the mean wind speed is 54.47 km/h.

(a) Can we support the claim at a 0.01 level of significance?
(b) What is the p-value of the test?

Solution According to the example, the null and alternative hypothesis can be for-
mulated as follows:

Null hypothesis H, : pn < 51.35 km/h
Alternative hypothesis H, : ;v > 51.35 km/h
Level of significance: o = 0.01(given)

As the standard deviation of the population is same as that obtained from historical
data, the z statistics can be used.

T—p  5447-5135
L= _

_ _ — 2,537
o/ 11/«/%

(a) Based on the alternative hypothesis, it is a one-sided test, thereby at 0.01 signif-
icance level Z, = 2.325. The critical zone is [2.325, 00).
Since the value of the test statistic lies in the critical zone, the null hypothesis
must be rejected at a level of significance 0.01.
Therefore, it can be concluded that the wind speed is increased at a significance
level of 0.01.

(b) The p-value of the testis P(Z > 2.537) = 0.0056, which is the probability that
the mean wind speed equal to or more than 54.47 km/h would occur by chance
if H, is true.

Case 2: Hypothesis concerning one mean when variance is unknown

This case is same as case 1, but the variance of the population is unknown. In such
case, the variance is calculated from the sample and the test statistic is modified as:
X — fio

S/Jn

where X is the sample mean, S is the sample variance, and p,, is a particular value
of mean for which the hypothesis is to be tested. Note that the test statistic follows
student’s ¢ distribution with degrees of freedom n — 1 instead of standard normal
distribution as in case 1.

Test statistic: t = (6.8)
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The rejection criterion for three different cases is shown as follows:

H, H, Rejection Region
W=t B F fo Tl >tapn—1)
B= o [ <fo t<-—lgpn—1)
B o > po 1 >tapn—1)

Note: When the variance is unknown but the sample size is large enough (n > 30),
then the test statistic approaches z. Thus, z statistic (Eq. 6.7) may also be used in such
cases.

Example 6.4.5
The rainfall data for monsoon period at a gauging station is as follows:

Year 2000 2001 2002 2003 2004 2005 2006
Rainfall (mm) 543 496 523 450 576 590 505

Test the null hypothesis that the mean is greater than 570 mm at a confidence level
of 95%. Also, evaluate the p-value.

Solution  Null hypothesis Hy : 1 > 570 mm

Alternative hypothesis H, : ;1 < 570 mm

The confidence level is 95%. Thus, level of significance o = 1 — 95/100 = 0.05

(given)

As the standard deviation is to be calculated from the sample data, the ¢ statistics
is used.

Mean of the sample is x = 526.14 mm and standard deviation of the sample is
S =48.32 mm

 ¥—p 52614—570
S/ 48.32/ﬁ

t = —2.401

Based on the alternative hypothesis, it is a one-sided test, thereby at 0.05 significance
level t,(n — 1) = —1.943. The critical zone is (—oco, —1.943].

Since the value of the test statistic lies in the critical zone, the null hypothesis
must be rejected at significance level 0.05.

The p-value of the testis P (r < —2.401) = 0.027.
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Case 3: Hypothesis concerning one variance
This case considers the test of the hypothesis where a population variance equals/is

greater than/is lesser than a specified constant value with suitable one-sided or two-

sided test.

(n—1)58?

= 6.9)

Test statistic: x> =

where S is the sample variance and o, is a particular value of variance for which
the hypothesis is to be tested. The test statistic follows chi-square distribution with
n — 1 degrees of freedom. The rejection criterion for three different cases is shown
as follows:

H, H, Rejection Region
O'2=0'3 o2 ;éag Xz >X(2¥/2(n71)orx2 <X%7a/24,(n7|)
02> o2 0% < o2 X < X%_a(” -1
02503 0'2>0'§ X2>X§(n—l)
Example 6.4.6

Test the claim that the standard deviation of the streamflow at a gauging station is 220
cumec at the significance level of 0.01. The mean and standard deviation, calculated
from a sample of size 16, are 8652 cumec and 200 cumec, respectively.

Solution  Null hypothesis H, : 0% = 220°
Alternative hypothesis H, : 0 # 220?
Level of significance: o = 0.01(given)

In this case, the X2 statistics can be used.

, (=1 52 (16 — 1) 2007
= = = 12.396
X o2 2202

Based on the alternative hypothesis, it is a two-sided test, thereby at 0.01 significance
level, Xi/z(n -1 = X%,oos(IS) = 32.801 and X%fa/z(" -1 = X%QQS(IS) =4.601.
Thus, the critical zone is (0, 4.601] and [32.801, 00).

Since the value of the test statistic does not lie in the critical zone, the null hypoth-
esis cannot be rejected at a level of significance 0.01.

Therefore, it can be concluded that at a significance level of 0.01, the claim cannot
be supported.
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Two Sample Test
In this section, we will discuss about hypothesis testing involving two independent

random samples that are drawn from normally distributed population. Let us consider
two random variables X; and X», such that X; ~ N (Ml, 0%) and X, ~ N (Mz, 0%).

Also, consider xij, X12, -+ , X1, is a random sample of size n; for first random
variable and xy;, x22, - - - , X2, is @ random sample of size n, for second random
variable.

Case 1: Hypothesis concerning two means when the variances are known

There are many statistical problems in which a decision is to be made about the
comparison between the means of two or more samples when the population variance
is known. In such cases, the test statistics are defined as

_ @ -®) -9

2 2
G4 %

Z (6.10)

np ny

where X and x; are the sample means and ¢ is the difference between the means for
which the hypothesis is to be tested. The Z statistic is considered to follow standard
normal distribution.

The rejection criterion for three different cases is shown as follows:

H, H, Rejection Region
ur—p2 =9 M1 —p2 # 0 lz| > Zaj2
pr—p2 =46 p1—p2 <4 7 < —Zq
w1 —p2 <6 U1 —p2 >4 Z>Zq

Example 6.4.7

Test the claim that the mean rate of evapotranspiration at station 1 is greater than that
of station 2 by a magnitude of 0.5 mm/day. If the mean and standard deviation at the
two stations are given asx; = 4.59 mm/day, oy = 2.2 mm/day, x, = 4.23 mm/day,
and 0, = 2.56 mm/day. The sample size for both the stations is 50; consider a
significance level of 0.05.

Solution Let 1 and p, are the mean values of evapotranspiration at stations 1 and
2, respectively.

Null hypothesis H, : pp — pp < 0.5
Alternative hypothesis H, : p1; — pp > 0.5
Level of significance: o = 0.05 (given)

As the standard deviation of the population is known, we can use the z statistics.
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(x1—x)—0 (459—-4.23)-05
7= =

a9 222 | 256
ny ny 50 50

= —0.293

Based on the alternative hypothesis, it is a one-sided test, thereby at 0.05 significance
level, zg.05s = 1.645. The critical zone is [1.645, 00).

Since the value of the test statistic does not lie in the critical zone, the null hypoth-
esis cannot be rejected at significance level of 0.05.

Therefore, it can be concluded that at a significance level of 0.05, the claim cannot
be supported.

Example 6.4.8

The maximum daily temperature values are recorded at a weather station since last
100 years. The data is divided into two epochs (50 years each). The following cal-
culations are made,

Time period Mean (°C) Standard deviation (°C)
Epoch 1 35.21 3.48
Epoch 2 35.94 3.20

(a) Test the hypothesis that the mean of the maximum temperature is increasing
from epoch 1 to epoch 2 at a significance level of 0.05.
(b) Calculate the p-value of the test.

Solution According to the example, the null and alternative hypothesis can be for-
mulated as follows:
Let p1; and p, are the mean temperature during epoch 1 and 2, respectively.

Null hypothesis H, : p1 — 1o >0
Alternative hypothesis H, : pi; — i, <0
Level of significance: o = 0.05 (given)

As the standard deviation of the population is given, the z statistics can be used.
(% —x1)—3d (3521 —35.94) — 0

z= =
o? o3 3.482 3.202

(a) Based on the alternative hypothesis, it is a one-sided test, thereby at 0.05 signif-
icance level zg o5 = 1.645. The critical zone is (—oo, —1.645].

=—-1.09

Since the value of the test statistic does not lie in the critical zone, the null
hypothesis cannot be rejected at a level of significance 0.5.

Therefore, the claim that the mean maximum temperature is increasing for epoch
1 to epoch 2 cannot be supported at a significance level of 0.05.



6.4 Statistical Inference 209

(b) The p-value of the test is P(z) < —1.09 = 0.138, the probability that the tem-
perature during epoch 2 is not more than epoch 1.

Case 2: Hypothesis concerning two means when the variances are unknown
This is same as case 1, but the population variances are unknown. In such cases, a
pooled variance (SIZ,) is computed using the sample statistics. The test statistic is as
follows: - —
(=m0

S, 1,41

n na

6.11)

where S, is the pooled standard deviation and it is expressed as §, =

M x1 and x; are the sample means and ¢ is the difference between

the means for which the hypothesis is to be tested. The ¢ statistic follows t-distribution
with | +n, — 2 degrees of freedom. The rejection criterion for three different cases
is shown as follows:

H, H, Rejection Region
ur—pp =29 1= po # 0 [t] > tas2,(—1)
1 —po =98 o —p2 <90 t < —ta,(n-1)
M1 — 2 <6 i —pi2 >0 t > ta,(n—1)

Example 6.4.9

Annual rainfall received on the leeward side (A) and windward side (B) of a mountain
is as follows. Test the claim that the mean rainfall received on the windward side is
higher than that on the leeward side. Consider the confidence level of 95%.

Year 1998 1999 2000 2001 2002 2003 2004 2005
Rainfall A (mm) 1225 1075 1260 1100 1125 1275 1300 1205
Rainfall B (mm) 1276 1135 1288 1255 — 1365 1345 1310

Solution Considering ;14 and g as the mean rainfall on leeward side (A) and wind-
ward side (B), respectively.

Null hypothesis H, : up — pia <0
Alternative hypothesis H, : up — pa > 0
Level of significance: a = 0.05 (given)

As the standard deviation is to be calculated from the sample data, we will use the ¢
statistic.
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Mean rainfall for case A, x4 = 1195.62 mm
Mean rainfall for case B, x3 = 1282.00 mm
Standard deviation for case A, S, = 85.33 mm
Standard deviation for case B, Sp = 75.33 mm
The pooled standard deviation,

= 80.87 mm

o _ A —D+SF -1 [85332(8—1)+75332(7— 1)
P ny+ny—2 - 8+7—-2

X —X4)—90 1282.00 — 1195.62) — 0
. (xp —xa) _ ( 95.62) 1920

1 1 1 1
Spy i+ L 86.81,/% + 1

Based on the alternative hypothesis, it is one-sided test, thereby at 0.05 significance
level t,(ny + ny, — 2) = 1.771. The critical zone is [1.771, 00).

Since the value of the test statistic lies in the critical zone, the null hypothesis
must be rejected at a level of significance 0.05. Therefore, it can be concluded that
at a significance level of 0.05, the claim can be supported.

Case 3: Hypothesis concerning two variances
This case deals with the testing of the null hypothesis if a population variance
equals/is greater than/is less than that of another population variance with suitable
one-sided or two-sided test. 5
S
F== (6.12)
S;
where S; and S, are the sample variances. The F statistics follows F distribution
withn; — 1, n, — 1 degrees of freedom.
The rejection criterion for three different cases is shown as follows:

H, H, Test Statistic Rejection Region
0? < o2 0% > o2 =5 F>F,(n —1,n—1)
1 =0, 1 2 = 522 a 1] s N2
2
0%20% 0'12<0'% :i—% F>F,(np—1,n -1
1
2
U%:O’% 0’%750’% F:‘;—’y F>F,(ny—1, n,—1)
For the last case (Hy : o7 = o3 and H, : o7 # 03), the sample having

higher standard deviation is identified and its standard deviation (Sy,) is placed
in the numerator. Other one (S,,) is in the denominator. This is to ensure that the
rejection region is F > F, (ny — 1, n, — 1). Relaxation of this criterion is also
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mathematically possible,but rejection region will have to be modified accordingly.
It is recommended to stick to this rule to avoid confusion.

Example 6.4.10

Determine whether the variance of rainfall at a gauging station A is more than
that at another gauging station B. Use the data given in Example 6.4.9. Consider
a significance level of 0.01.

Solution  Null hypothesis H, : 03 < 0%

Alternative hypothesis H, : 03 > o5
Level of significance: o = 0.01(given)
Standard deviation for the station A, S, = 85.33
Standard deviation for the station B, Sp = 75.33
The test statistic
Si 85.332

i =1.283
s 75332

Since the alternative hypothesis is one-sided test, thereby at 0.01 significance level
Fo.(ny —1,n, — 1) = Fy1(7, 6) = 8.26. The critical zone is [8.26, 00).

Since the value of the test statistic does not lie in the critical zone, we cannot reject
the null hypothesis at a significance level of 0.01. Thereby, the variance of rainfall
at gauging station A may not be concluded to be more than that at rainfall gauging
station B at a significance level of 0.01.

Test Concerning Proportion

Some hydrologic or hydroclimatic problems deal with the proportion or percentage
of certain attributes. In such cases, it is often required to verify the null hypothesis
that a proportion/percentage equals some specific value either for a single sample or
among multiple samples.

Case 1: Hypothesis concerning one proportion
This case deals with testing the null hypothesis if a proportion/percentage based
on a population is equal to some specific value with suitable one-sided or two-sided
test. The test statistic
X - npo

- NV IPo (1 - po)

where n is the size of the sample, X is a subset of the sample which satisfies a given
condition, and p, is the constant value for which we have to test the hypothesis.
Assuming that the sample size is sufficiently large, the statistic Z is a random variable

(6.13)
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that approximately follows standard normal distribution. The rejection criterion for
three different cases is shown as follows:

H, H, Rejection Region
P = Do P # Po 1zl > Zap2
P = Po P < Po 72 < —Zq
P = Po P > Do > Zy

Example 6.4.11

The probability of failure of the dam due to quick sand condition is 10%. A study is
carried out on dams built under similar conditions following the same design details
shows that 2 out of 50 dams fail. On the basis of this study, test the claim that
the probability of not failing due to quick sand condition is greater than 90% at a
significance level of 0.05.

Solution  Null hypothesis H, : p < 0.9
Alternative hypothesis H, : p > 0.9
Level of significance: a = 0.05 (given)

In this case, the z statistics can be used as follows.

X—np, __48-50x09 .

L= = /30509009

Based on the alternative hypothesis, it is one-sided test, thereby at 0.05 significance
level Z, = 1.645. The critical zone is [1.645, 00).

Since the value of the test statistic does not lie in the critical zone, we cannot
reject the null hypothesis at a significance level of 0.05. Thereby, the claim cannot be
supported at a significance level of 0.05; i.e., the probability of success is not more
than 90%.

Case 2: Hypothesis concerning multiple proportions

This case deals with the several proportions (p1, pa, ..., px). The null hypothesis
considers several proportions/percentages based on multiple populations. It is tested
whether all the proportions are equal to one another with suitable one-sided or two-
sided test. The null hypothesis considered for the test is that p; = py = -+ = pi
against the alternative hypothesis which states that the proportions are not equal.

Two or more proportions from multiple populations can be compared using the
test statistic

) (0 — i)’
=) — (6.14)
. . 17)

i=1 j=1



6.4 Statistical Inference 213

is a random variable that follows an approximate chi-square distribution with (k-1)
degrees of freedom. The null hypothesis should be rejected if x? > Xi, where « is
the significance level. The magnitudes of 0;; and ¢;; can be computed by arranging
the available data as follows:

Description Sample#1 Sample#2 -+ Sample#k Total
Total sample size ni ny S ong n
Number of Success (o) X1 X2 cee Xk X
Number of Failures (03;) np —xi ny —x2 S Rg — Xk n—x
Expected cell frequency for success (e1;) nix/n nax [n o mx/n

Expected cell frequency for failure (e2;) ni(n—x)/n ny(n —x)/n ... n(n—x)/n

Here, x is the total number of successes and n is the total number of trials for all
the samples. The number of successes or failure (category) is known as observed cell
frequency (oij) wherei =1, 2and j =1, 2, ..., k. The valuesofe¢;; (i =1, 2 and
j=1,2, ..., k)are the expected cell frequencies that are evaluated by multiplying
the total of the column to the total of the row to which it belongs and then dividing
by the grand total n.

Example 6.4.12
Number of rainy days in the year 2016 at three stations (A, B, and C) can be catego-
rized as follows:

Station A Station B Station C Total

High 70 60 60 190
Low 180 170 190 540
Total 250 230 250 730

Use the 0.05 level of significance to test whether the probability of high rainfall days
is the same for the three stations.

Solution  Null hypothesis H, : py = p» = p3
Alternative hypothesis H, : p1, p» and ps are not all equal.
Level of significance: a = 0.05 (given)
The expected frequencies for each cell can be evaluated as follows:
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Description Station A Station B Station C Total
Total number of rainy 250 230 250 730
days

Number of high rain- 70 60 60 190
fall days (O1;)

Number of low rainfall 180 170 190 540
days (03;)

Expected cell B0 = 65.07 29090 =5986 22N = 65,07
frequency for high

rainfall days (e ;)

Expected cell 20340 — 184.93 2040 — 170,14 29390 — 134,93
frequency for low rain-

fall days (e2)

In this case, the x? statistics can be evaluated as follows.

sy =)’
=Y

i=1 j=1 €ij

(70 —65.07)> | (60 —59.86)> (60 —65.07)”

N 65.07 59.86 65.07
(180 — 184.93)> (170 — 170.14)> (190 — 184.93)?

184.93 170.14 184.93
=1.04

The value of 3 s for degrees of freedom of 3 — 1 = 2 is 5.991. As the value of
test statistic is less than 5.991, the null hypothesis cannot be rejected. Therefore, the
probability of high rainfall days is the same for the three stations.

6.4.4 Goodness-of-Fit Test

The goodness-of-fit of a statistical model describes how well it fits a set of obser-
vations. Measures of goodness of fit typically summarize the discrepancy between
observed values and the values expected under the model in question. Such measures
can be used in statistical hypothesis testing, e.g., to test for normality of residuals,
to test whether two samples are drawn from population with identical distributions
or whether outcome frequencies follow a specified distribution.
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Chi-Square Goodness-of-Fit Test

Chi-square goodness-of-fit test is used to test how well a theoretical distribution fits
the empirical distribution. Itis used to compare the observed sample distribution with
expected probability distribution. The sample data is divided into intervals, and the
number of points in the interval is compared with expected number of points in each
interval using hypothesized distribution. In the case of relative frequency function,
the x? test is used. The sample value of the relative frequency of ith interval is

fs (xi) =n;/n (6.15)

where n; is the observed number of occurrences in the ith interval and » is total
number of observations. The theoretical value of relative frequency is

P(xi)=F(x)—-F(xi—1 (6.16)

The x? test statistics is given by,

m

» e nlfi () = P )P
=2 P (x;)

i=1

(6.17)

where m is the number of intervals and the degree of freedom v = m — p — 1, where
p is the number of parameters used in fitting the distribution.

It may be noted that nf; (x;) = n; is the observed number of occurrences in the
interval i and nP (x;) is the corresponding expected number of occurrences in the
interval i. A confidence level is chosen for the test which is often expressed as (1 — «)
where « is termed as significance level. The null hypothesis for the test is that the
proposed probability distribution fits the data adequately, and alternative hypothesis
states that the data does not follow the proposed probability distribution. The null
hypothesis should be rejected if X? > x2.

Example 6.4.13

The following table provides the range of rainfall during Indian summer monsoon
months (total rainfall for four months) at a gauging station with the frequency of
occurrence. The mean and standard deviation are given as 397 mm and 92 mm,
respectively. Use the x? test to determine whether the normal distribution adequately
fits the data at a significance level of 0.05.

Range (mm) <200 200-250 250-300 300-350 350-400 400-450 450-500 =500
Frequency 1 2 6 14 11 10 5 3
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Solution The range of rainfall is divided into eight intervals, starting from less than
200 to more than 500, with intermediate intervals each covering a range of 50. The
total number of observations/sample size evaluated as the sum of each frequency is
52.

Null hypothesis H: The data fits the normal distribution
Alternative hypothesis, H,: The data does not fit the normal distribution

The 2 test statistics is as follows:

m

s e~ nlfs () = P (o))
=2 P (x)

i=1

It follows an approximate chi-square distribution with degrees of freedom v = m —
p — 1. For evaluation of the test statistic, the following table is to be formulated. As
an example, each expression for the 5th interval is solved.

The relative frequency function,

ns 11
B =—=— =0.211
Js (xs5) — =3

The cumulative frequency function,

5
Fs(xs) =) fs (x;) = 0.654

i=1
The standard normal variate,

_x5—u_400—397

L =0.033
s o )

The cumulative normal probability function,

P (x5) = P (350 < X < 400)
= F (400) — F (350)
= 0.5130 — 0.3047
= 0.2083

The x? test statistic,

> nlfi () — PP 52 (0.2115 — 0.2083)°

Xe P(x) 0.2083
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The final test statistic can be evaluated by evaluating the sum of the last column of
the table.

Interval Range (mm) n; fi(x) Fs(xi)  zi  F(i) P(i) X2

1 <200 1 0.0192 0.0192 -2.1413 0.0161 0.0161 0.0311
2 200-250 2 0.0385 0.0577 -1.5978 0.0550 0.0389 0.0003
3 250-300 6 0.1154 0.1731 -1.0543 0.1459 0.0908 0.3455
4 300-350 14 0.2692 0.4423 -0.5109 0.3047 0.1589 3.9875
5 350-400 11 0.2115 0.6538 0.0326 0.5130 0.2083 0.0026
6 400-450 10 0.1923 0.8462 0.5761 0.7177 0.2047 0.0391
7 450-500 5 0.0962 09423 1.1196 0.8686 0.1508 1.0306
8 >500 3 0.0577 1.0000 1.6630 1.0000 0.1314 2.1521

Sum = 7.588

In this case, the last column sums up to be 7.588, i.e., X? = 7.588.

The degree of freedom v = m — p — 1 is equal to five. The value of « is given
as 0.05. Thereby, x3 ,s(5) = 11.07, so the rejection zone is [11.07, 00). As X2 does
not lie in the rejection zone, the null hypothesis cannot be rejected at a significance
level of 0.05. Hence, it can be concluded that the data fits normal distribution.

6.4.5 Nonparametric Test

So far, some parametric form of distribution is assumed for data to perform the
hypothesis tests. However, in many cases of hydrology and hydroclimatology, the
data may not fit to any specific probability distribution assumption and it is required
to opt for nonparametric tests.

Sign Test

This nonparametric test is used as an alternative to the one-sample ¢ test or paired ¢
test. The sign test is applicable for the large samples from symmetrical distribution.
This property of symmetry may not be always possible to check with small sample
(mean divides the data into equal halves). Thus, median is chosen for the test instead
of mean. The null hypothesis i = fi, is tested against an appropriate alternative
hypothesis, where /i is the median of the sample. To carry out the test, each sample
value greater than fi, is replaced with ‘4+’ and each value less than the same is
replaced with ‘—’. Any value equal to /i, is discarded. The null hypothesis that these
plus and minus signs are outcomes of binomial trials with p = 1 / 2 is tested.
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Example 6.4.14

The following data for maximum temperature (in °C) at a location is recorded for
10 days. Test the null hypothesis &1 = 30 against the alternative hypothesis ;i > 30
at the 0.01 level of significance.

Day 1 2 3 4 5 6 7 8 9 10
Temperature (°C) 30 36 34 32 29 28 31 34 36 36

Solution  Null hypothesis: i = 30

Alternative hypothesis: i > 30

Level of significance o = 0.01

Replacing each value greater than 30 with a plus sign, each value less than 30 with
minus sign and discarding any value equal to 30, the following table is obtained,

Temperature 30 36 34 32 29 28 31 34 36 36

Sign discarded + + + — — + + + +

The number of plus signs(x) is equal to seven. Considering n = 9 and p = 0.5,
the probability of X > 7 can be evaluated using binomial distribution.

PX=T7=1-PX<T)=1-"Cp*(1—p)™
=7C;0.570.5* = 1 — 0.91 = 0.089
As 0.089 is greater than 0.01, the null hypothesis cannot be rejected.

Thereby, the median of maximum temperature at the location does not exceed
30°C.

Rank-Sum Test

The rank-sum test includes two types of test, namely U test and H test. The U test
(also known as Wilcoxon test or Mann—Whitney test) is used as an alternative to two
sample 7 test and H test (also known as Kruskal-Wallis test) is used to check whether
n samples come from identical population against an alternative hypothesis that the
populations are not identical.

U Test/Wilcoxon test/Mann—Whitney test

In case of U test, the null hypothesis to be tested is that the two samples come from
identical population. To satisfy the above condition, the sum of the ranks assigned to
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the values of both the samples should be more or less same. The test statistics used
for the study is
%y

Z (6.18)

1

__ ninp _ niny(n+ny+1) :
where p,, = and oy, = /=7, n; and n; are the respective sample

2
size for sample 1 and 2. U, is evaluated as follows:

v =w, -t (6.19)
2
To compute W), first the data from both the samples are considered together and
ranks are provided. Next W, is computed as the sum of the ranks values for the data
in the first sample. We can also compute W, (and subsequently U;) in the same way
for the second sample but either one of the W, and W, is sufficient for the test. Hence,
only W is computed.

Conditions for rejection of the null hypothesis: The Z statistic in Eq. 6.18 follows
approximate standard normal distribution. If the null hypothesis states that population
1 is stochastically identical to population 2, then the rejection zones are (—00, —Z,2]
and [Z,,>, 00), where « is the significance level. When the alternative hypothesis
states that population 2 is stochastically larger than population 1, then the rejection
zoneis[—Z,, 00), as small values of U; corresponds to small values of W,. Similarly,
when the alternative hypothesis states that population 1 is stochastically larger than
population 2, then the rejection zone is (0o, Z,,]. Considering p; as population 1 and
P2 as population 2, the rejection criteria are shown in the following table:

H, H, Rejection Region

p1 and po p1 and py are not stochastically identical |z| > Z/2

are stochastically pj is stochastically less than p, 72<—Zq

identical p1 is stochastically greater than p; 2> Zy
Example 6.4.15

Let us consider the data provided in Example 6.4.9. Use the U test to show that the
rainfall values at two stations belong to same/identical population at a significance
level of 0.05. The table is shown here again

Year 1998 1999 2000 2001 2002 2003 2004 2005
Rainfall A (mm) 1225 1075 1260 1100 1125 1275 1300 1205
Rainfall B (mm) 1276 1135 1288 1255 — 1365 1345 1310
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Solution  Null hypothesis: Population are identical.

Alternative hypothesis: The population are not identical.

Level of significance: a = 0.05 (given)

The data from both the stations (A and B) are considered together, and ranks are
provided. The ranks are shown in the parentheses below each data in the following
table:

Year 1998 1999 2000 2001 2002 2003 2004 2005
Rainfall A (mm) 1225(6) 1075 (1) 1260(8) 1100(2) 1125(3) 1275(9) 1300 (12) 1205 (5)
Rainfall B (mm) 1276 (10) 1135(4) 1288 (11) 1255(7) — 1365 (15) 1345 (14) 1310 (13)

The sum of ranks assigned to the first sample designated as W, is 46. In this case,
the Z statistics can be used as follows:

7= Yz ru
(TUl
1 8(8+1
vi=wy - D g SCED g
2 2
niny
oy = — =28
1
O’%] znlnz(n1+n2+ )=74.67
! 12
Therefore,
U, — 10 — 28
7= TR — ~2.083

oy, V74.67

At a significance level of 0.05 for two-sided test, the rejection zone is
(=00, —1.96] and [1.96,00). As the Z statistic falls in the rejection zone, the null
hypothesis should be rejected.

Thereby, it can be concluded that the rainfall at both the stations are not essentially
from identical population at a significance level of 0.05.

H Test/Kruskal-Wallis test

H test is a generalized form of U test, used to test if k-independent random samples
are drawn from identical populations. The null hypothesis to be tested is that the
populations are identical against alternative hypothesis that all populations are not
identical. The test statistic used is as follows:

k p2

12 R;
H=—"-) —L_3 1
n(n—l—l);n,- (n+1)
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where n; is the number of observations of the ith sample, n = ny+n,+- - - +ny, and
R; is the sum of ranks occupied by the observations of the ith sample. It is to be noted
that all the observations from each sample are jointly ranked before calculation of
the test statistic. The H statistic is approximated by the chi-square distribution with
k — 1 degrees of freedom. The null hypothesis can be rejected if H > x2(k — 1),
where « is the significance level.

Example 6.4.16
Three sets of soil moisture (in %) are recorded as follows:

SetA 11.0 24.8 13.7 39.7 19.6 31.4 247 34.7
SetB 23.7 18.6 225 425 29.0 214 256 223
SetC 214 260 22.8 14.6 39.6 253 113 —

At significance level of 0.05, can we conclude that all the sets of data are collected
from statistically similar regions, so that they belong to the same population?

Solution  Null hypothesis: Populations are identical.

Alternative hypothesis: The populations are not identical.

Level of significance: o = 0.05(given)

The observations from all the three sets (A, B, and C) are considered together,
and ranks are provided. The ranks are shown in the parentheses below each data in
the following table:

SetA 11.0(1) 248(13) 13.7(3) 39.7(21) 19.6(6) 31.4(18) 24.7(12) 34.7(19)
SetB 23.7(11) 18.6(5) 225(9) 42.5(22) 29.0(17) 21.4(7) 256(15) 223(8)
SetC 21.4(7.5) 26.0(16) 22.8(10) 14.6(4) 39.6(20) 253 (14) 113(2) -

The sum of ranks assigned to the three sample designated as R;, R, and Rz are
93, 94, and 73.5, respectively. The H statistics can be evaluated as follows:

k 2

12 R:
H=—"—3%""L_3m+1
w1 & n+1)

3
12 R?
=— " ) L _323+1
23(23+1)§ @3+ 1

n;

12 /932 94* 73.5%

==+ = -T2
552( 8 + 8 + 7 >

=-7.71
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At significance level of 0.05, the X(z),os (3 — 1) = 5.991. The rejection zone is
[5.991,00). As the H statistic does not fall in the rejection zone, the null hypothesis
cannot be rejected.

Thereby, it can be concluded at a significance level of 0.05, the three sets of data
are collected from same population.

Kolmogorov—Smirnov Goodness-of-Fit Test

The Kolmogorov—Smirnov (KS) test is a nonparametric test to access the differ-
ence between cumulative distributions. Two types of tests, namely one-sample and
two-sample tests can be carried out. In one-sample test, the difference between the
observed/empirical CDF and a specific CDF (e.g., normal distribution, uniform dis-
tribution) is tested. This test is generally considered more efficient than chi-square
goodness-of-fit test for small samples. In case of two-sample test, the hypothesis
whether two independent samples come from identical distributions is tested.

One-sample test is based on the maximum absolute difference between the empir-
ical CDF and the specific theoretical CDF. The null hypothesis to be tested is if the
sample follows the theoretical distribution against the alternative hypothesis that the
sample does not follow the specific distribution.

Rejection criteria of the null hypothesis: If Dy« < D,, the null hypothesis cannot
be rejected, where D,y is the maximum absolute difference between the empirical
CDF and the theoretical CDF'. The values of D, can be obtained from Table B.8.

Example 6.4.17

Daily maximum monthly temperature at a location, for ten months is as follows:
14.8,25.0,28.2,28.7,23.1,4.8,4.4,2.4,6.2, and 19.5. It is desired to check whether
the data set is uniformly distributed between 0 to 30° C at a significance level of 0.01.

Solution  Null hypothesis: Sample follows the given uniform distribution
Alternative hypothesis: Sample does not follow the given uniform distribution
Level of significance: o = 0.01(given)

The evaluation of the empirical CDF (Px (x)) and the CDF considering the given
uniform distribution with « = 0 and 5 = 30 (Fx (x)) for the given data is shown in
the following table:

Data 24 44 48 6.2 148 195 231 25 282 287
Px(x) 0.1 02 03 04 05 0.6 0.7 0.8 0.9 1
Fx(x) 0.080 0.147 0.160 0.207 0.493 0.650 0.770 0.833 0.940 0.956
D 0.020 0.053 0.140 0.193 0.007 —0.05 —0.07 —0.03 —0.04 0.043

The value of D,,.x can be observed from the last row of the table as 0.193. The
value of D, can also be evaluated using the following figure:
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1

Emperical CDF
Theoretical CDF
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02r
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0
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6.2
30

For o« = 0.01, the value of D, = 0.410. Since D,,,x does not exceed 0.410, the null
hypothesis cannot be rejected. Thereby, the generated data can be assumed to follow
uniform distribution.

Anderson-Darling Goodness-of-Fit Test

The KS tests are not effective for all the cases. Difference in the tails can be easier
to detect if the difference between the empirical cumulative distribution F§ (n) and
Fx(x) is divided by «/Fy (x) (1 — Fx (x)). In particular, the Anderson-Darling test
is based on large values of the statistic,

* 1
A2 = [ ) [F} (x) — Fx 0] Ry W (6.20)

The intergration may appear to be different, but A> can be computed as

Yo Qi =1 (An () +In(1 —upyy — i) .
n

A% =

6.21)

where u; = Fyx(x;) is the value of the theoretical cumulative distribution at the ith
largest observation x;. The null hypothesis is rejected for the large values of the
statistic A%. As a guideline, the large sample 5% point is 2.492 and the 1% points
is 3.857. It has been suggested that these critical values are quite accurate even for
samples as small as 10.
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Example 6.4.18
Using the data provided in Example 6.4.17, check whether the data set follows uni-
form distribution using Anderson—Darling test at a significance level of 0.01.

Solution  Null hypothesis: Sample follows the given uniform distribution
Alternative hypothesis: Sample does not follow the given uniform distribution
Level of significance: a = 0.01 (given)

For v = 0.01, the value of A2 = 3.857. The test statistic can be evaluated as

A2—((2—1)|:1n(ﬁx <1_y)>i|+(4_1)|:1n(ﬁx (1_y)>i|+..._10>/]0
30 30 30 30
= 0.5267

As A? < A2

«’

the null hypothesis cannot be rejected at a significance level of 0.01.

Thereby, it can be concluded that the given sample follows uniform distribution.

6.5 MATLAB Examples

This section will provide sample scripts for solving examples using MATLAB. A
brief description of each command line is provided at the end of each line after %
symbol. The sample code for solving Example 6.4.5 is given in Box 6.1.

Box 6.1 MATLAB script to solve Example 6.4.5

1 clear all;clc;close all

2 % Inputs

3 m=570; % mean value

4 x=[543, 496, 523,450, 576, 590, 505];
5 | & Rainfall depth in mm (Sample data)

7 % Test the null hypothesis that the data comes from a

8 gpopulation with mean equal to or greater than 570, against
9 %the alternative that the mean is less than 570.

10 [h,p,ci,stats] = ttest(x,m, ’‘Alpha’,0.05, 'Tail’, "left’);

11 % t statistics 1is used as the standard deviation is to be
12 %3evaluated from the sample.

14 % Display results

15 output_file=["'output’ filesep () ’‘code_1_results.txt’];

16 delete (output_file); diary (output_£file) ; diary on;

17 fprintf ( h= %d\n p= %0.4f \n ci = (%d, %2.3f)\n’,h,p,ci(l),ci(2))
18 fprintf (' stats\n\t tstat= %1.3f\n\t df=%d\n\t sd=%2.3f\n’,...

19 stats.tstat,stats.df, stats.sd) ;

20 diary off;
-
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The result for script provided in Box 6.1 is given in Box 6.2. The returned value

of h = 1 indicates that ‘ttest’ rejects the null hypothesis at the 5% significance
level, in favor of the alternate hypothesis The value of p signifies the p-value. The
concluding remark and the p-value are the same as evaluated in the solution of
Example 6.4.5.

woE W o —

Box 6.2 Results for script provided in Box 6.1

h= 1
p= 0.0266
ci = (-Inf, 561.634)
stats
tstat= -2.401
df=6
sd=48.323

Similarly, the sample code for solving Example 6.4.17 is provided in Box 6.3.

Box 6.3 MATLAB script to solve Example 6.4.17

clear all;clc;close all

% Generation of random variables
x=[(4.8, 14.8, 28.2, 23.1, 4.4, 28.7, 19.5, 2.4, 25.0, 6.21;

$Defining the CDF of the uniform distribution
test_cdf = makedist (’Uniform’,’lower’,0, 'upper’ ,30);

$Fitting the given uniform distribution using KS Test
[h,p,ksstat] = kstest(x, ' 'CDF’,test_cdf, "Alpha’,0.01) ;

% Display results

output_file=["'output’ filesep () ’‘code_2_results.txt’];
delete (output_file); diary (output_file); diary on;

fprintf ( h=%d\n p=%0.4f \n ksstat = %0.4f\n’,h,p,ksstat);
diary off;

The output of Box 6.3 is provided in Box 6.4. The returned value h = 0 indicates that
‘kstest’ does not reject the null hypothesis at the 1% significance level. There-
fore, the data follows uniform distribution as concluded from the solution of Exam-
ple6.4.17.

Box 6.4 Results for script provided in Box 6.3

h=0
p=0.7827
ksstat = 0.1933

Exercise

6.1 Test the claim that the mean annual rainfall in a semiarid region is 750 mm
considering significance level of 5%. Also, evaluate the p-value. Using 20 sample
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data, the mean and standard deviation are calculated as X = 725.5 mm, S = 200
mm. (Ans: Can’t reject the claim; p-value: 0.6.)

6.2 The 25 years record of observed wind data at a location shows the standard devi-
ation is 76.85 km/h. Considering 95% confidence level, test the hypothesis whether
the standard deviation of wind speed at that location is less than 72.53 km/h. (Ans:
Reject the hypothesis at the given confidence level.)

6.3 The mean annual evaporation from a reservoir is estimated as 1360 mm with
standard deviation of 204 mm using 40 years data. Test the hypothesis that . = 1500
mm considering the level of significance as 0.01. (Ans: Reject the hypothesis at the
given confidence level.)

6.4 Test the hypothesis that annual average local sea level at station A is 30 mm
higher than another station B at significance level of 0.01 and 0.05. Also, determine
whether the variability at station A is greater than station B at 0.01 significance level.
Estimated sample statistics are obtained as X, =76mm, S4 = 15 mmand Xp =
59.6 mm, Sp = 12.5 mm using 60 years of data. (Ans: Reject the hypothesis at both
levels of significance; Yes, variability at station A is greater than station B.)

6.5 The temperature data during the month of June at a city is given in the following
table.

Year 2010 2011 2012 2013 2014 2015 2016
Temperature (°C) 43.6 464 449 457 47.1 442 428

Test the claim that the mean temperature is greater than 45° C at a significant level
of (a) 0.01 and (b) 0.05. (Ans: Can'’t reject the claim at both levels of significance.)

6.6 The meteorologists claimed that at least 95% of the stream-flow measuring
devices are functioning properly. 160 gauges are examined, and 15 gauges are found
to be damaged. Test the claim of meteorologists using a significance level of 0.01
and 0.05. (Ans: Reject the claim at both levels of significance.)

6.7 Two teams A and B went to collect soil samples for field measurements of soil
moisture. 200 and 120 samples were collected by them, respectively. Later, it is found
that 16 and 8 samples are not usable, collected by team A and B, respectively. Test
the hypothesis that (a) both the teams were showing equal proficiency in collecting
the samples (proportions are equal), (b) If not, which team is more efficient in terms
of collecting usable samples? Use o = 0.05 for both the cases. (Ans: (a) Reject
the hypothesis that both the teams are showing equal proficiency in collecting the
samples, (b) Team A is better.)

6.8 Two groups of groundwater measuring wells are considered depending on the
topographical characteristics. Group I shows a mean depth of 10.32 m and standard
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deviation of 1.18 m. Similarly, Group II shows a mean depth of 13.30 m and standard
deviation of 0.96 m. Find out whether the difference between two groups is signif-
icant, using o = 0.01 and 0.05. Also, calculate the p-value. (Ans: The difference
between two groups is significant at both significance level; p-value = 6.9 x 10780.)

6.9 The following streamflow measurements are taken from two different outlets.

Outlet 1 (cumec) 7268 7130 7351 7070 7346
Outlet 2 (cumec) 6954 7332 7043 6825 7350

Test whether the difference between the means of both the outlets is significant
using o = 0.01. (Ans: The difference between observations of two outlets is not
significant at given significance level.)

6.10 The mean annual rainfall at a location was estimated as 1100 cm with a standard
deviation of 120 cm during pre-industrialization period. Recently, 20 observations
are considered and the mean is estimated as 1030 cm. Test the hypothesis that the
mean annual rainfall has not changed, using 0.05 and 0.01 significant levels. Assume
that standard deviation remains same. (Ans: The mean annual rainfall has changed.)

6.11 60 observations on July rainfall are taken at rainguage station A, and variance
is estimated 240 mm?. Similarly, 100 observations are taken at rain gauge station B
and variance is estimated as 160 mm?. Test the hypothesis that variance at station A
is greater than station B using (a) « = 0.05 and (b) « = 0.01. (Ans: Variance at
station A is not greater than station B at both significance level.)

6.12 Number of rainy days is obtained from three stations. At station A, 41 out of
120, at station B, 27 out of 80, and at station C, 22 out of 100 days were found to be
rainy days. Use 0.05 level of significance to test whether the proportion of rainy days
is same at all three stations. (Ans: The proportions are same at significance level of
0.05.)

6.13 Before and after the installation of a new rain gauge station, the variances
are estimated as 106 mm and 128 mm using monthly data for 1 year. Check if the
rainfall measurement remains consistent with respect to the variance before and after
the installation, at a significance level of 0.05 and 0.01. (Ans: There is no significant
increase in variability at both the significance level.)



Chapter 7 ®)
Regression Analysis and Curve Fitting e

Many applications in hydrology and hydroclimatology deal with studying
the relationship between the associated variables. The target variable
is known as dependent variable, whereas other variables are known as
independent variables. In statistics, the procedure of developing such
relationship between dependent and independent variables is called
regression analysis. The fitted statistical model is termed as regression
model. Such models can be used for assessment of the dependent vari-
able, knowing the independent variables. There are different types of
regression models, and every regression model consists of some mathe-
matical formulation with parameters to relate independent variables to
dependent variable. All these types of regression models are discussed
in this chapter.

7.1 Simple Linear Regression

One of the most commonly used models in hydrology is based on the assumption of
a linear relationship between two variables. In this particular model, we aim toward
representing a dependent variable in terms of linear equation of single independent
variable. For example, let us estimate runoff using precipitation. In this case, runoff
is the dependent variable Y, whereas precipitation is the independent variable X.
It can be noted that observed values of dependent variable ¥ may vary even for a
specific value of independent variable X owing to the uncertainty associated with
it arising from unknown factors. Hence, Y is a random variable whose distribution
is dependent on X. In such cases, the relationship between X and the mean of the
distribution of Y is referred to as regression curve of Y on X.

Considering the regression curve to be linear, the regression equation is given by,

Y=a+BX+e¢ (7.1)
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where ¢ is the difference between observed Y and the estimated Y (represented as
Y), termed as residual. The value of & will depend on the error in measurement
and the influence of unknown factors on Y. For fitting a linear regression, following
assumptions are made,

(i) The relationship between the X and mean of Y is a straight line. Hence, for a
specific value of X and Y (represented by x; and y;, respectively), the regression
model is given by,

yi=a+pxi+e

the random variables y; are independently normally distributed with a mean
of o 4+ Bx; and variance equal to standard error (represented by o?), fori =
{1,2,...,n}

(ii) The residuals (¢;) are independent and normally distributed with a mean of zero
and the variance of 2.

For Eq.7.1, the estimates of & and § (say a and b) can be calculated using observed
values. Hence, the estimated dependent variable (denoted as Y) is given by,

A

Y =a+bX (7.2)

Here, it should be noted that the estimated Y is the most expected value of ¥ given
X. In other words, Y is mean of distribution of ¥ given X.

The above equation is a equation of straight line with slope b and intercept a.
This line is called fitted or estimated regression line. Further, due to uncertainty of
Y, the Y differs from Y (the difference is termed residual, as stated before). The ith
residual (g;) is given by,

& =y — i (7.3)

where y; is the estimate for y; (i.e., ith observation of Y) using the Eq. 7.2. The
aim of regression line fitting is to get the estimate of « and 8 (say @ and b), such
that the prediction errors are minimum. It is not possible to minimize all the errors
simultaneously, and thereby, the sum of squared errors is minimized. However, pre-
diction error may have positive or negative values. Therefore, a sign-independent
criterion is needed, such as minimization of either Z?zl le;| or Z?:l siz. Mathemat-
ically, working with absolute values is difficult as compared to working with square
function. Hence, Zl": . 81.2 is minimized to get the estimate of « and 8 (i.e., a and b).
As the sum of squared errors is minimized for estimation of regression parameters,
this method is called the method of least squares and estimated parameters are
called least square estimates . The method of least square is described as follows.
The sum of squared errors can be expressed as a function of parameters as,

n

S, p) =) & =) [yi—(@+px)P (74)
i=1

i=1
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If a and b are estimate of o and B such that the sum of squared errors is minimized
when o = a and 8 = b, then partial derivative of S with respecttoa and B ato = a
and 8 = b should be zero.

EN -
— =-2Y (yi—a—bx)=0
da a=a, f=b i=1
Hence, Y " (y; —a —bx;) =0 (7.5)
i=1
9S -
A —2in (yi —a —bx;) =0
a=a, p= i=1
Hence, in (yi—a—>bx;))=0 (7.6)

i=1

Thereby, by eliminating a and solving Eqgs. 7.5 and 7.6 for b, the least square
estimates of b can be written as,

n n n n n 2
b= [inyi—inZyi/n}/ Zx?—(in) /n 7.7
i=1 i=1  i=l i=1 i=1

,_ S

(7.8)

XX

where

i
i=1

n n N\ ) n n )2
So = xiyi— &ﬁlﬁ and  Si=Y %2 — % (7.92)
i=1

Alternatively, if the ith deviation of X and Y from their respective means is given by
xq; and yg;, respectively, then,

Sey = Z Xgiyai and Sy = Xn:xji (7.9b)
i=1 i=1
Further, the least square estimates of a can be written as,
1 (< . -
a=- <Xl:y b;x,) =Y - bX (7.10)

The individual deviations of the observations y; from their fitted values y; = a + bx;
are called the residuals. Thus, ith residual is expressed by,
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&i =y,-—a—bx,~ (711)

The minimum value of the sum of square prediction errors is called the residual sum
of squares (RSS) or sum of squared errors (SSE).

SSE =" (yi —a—bx;)’ (7.12)

i=1

Example 7.1.1
For a large catchment, the precipitation and runoff are being recorded monthly. The
records for 2 years are tabulated in the following table:

The variables are assumed to be linearly related. Work out a relationship between
the monthly precipitation and runoff for the location and use the relationship to
estimate the expected amount of runoff generated when monthly precipitation is
14 cm (Table7.1).

Solution The runoff and precipitation at monthly scale are assumed to be linearly
related. A scattergram (Fig.7.1) between the variables reveals that the relationship
is linear. Let us consider Y to be a random variable for monthly runoff and X to be
a random variable for monthly precipitation. Relationship between X and expected
value of Y, being linear, is expressed as (Eq.7.2),

Y=bX+a

The parameters b and a can be estimated using the Eqs. 7.8, 7.9a and 7.10, respec-
tively. These calculations are tabulated in Table 7.2.

Table 7.1 Monthly precipitation (X in cm) and runoff (¥ in cm) for 2 years

Month X Y Month X Y

January, 2010 6.9 2.4 January, 2011 55 1.4
February, 2010 6.4 1.1 February, 2011 11.4 6.3
March, 2010 6.5 1.7 March, 2011 10.8 44
April, 2010 5.1 0.5 April, 2011 7.5 1.8
May, 2010 7.1 1.8 May, 2011 8.2 4.2
June, 2010 7.1 2.0 June, 2011 7.9 2.9
July, 2010 10.2 42 July, 2011 4.1 0.0
August, 2010 9.9 3.0 August, 2011 5.0 1.3
September, 2010 8.4 4.7 September, 2011 6.7 1.3
October, 2010 5.8 3.4 October, 2011 4.3 0.0
November, 2010 | 10.1 4.4 November, 2011 10.4 59
December, 2010 7.3 2.8 December, 2011 3.9 2.4
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least square fit line P

Monthly runoff (cm)

4 5 6 7 8 9 10 11
Monthly precipitation (cm)

Fig. 7.1 Scattergram between monthly runoff and monthly precipitation

From the table, n = 24, Y x; = 176.5, Y y; = 63.9, > xl-2 = 1410.51, > x;y; =

i=1 i=I i=1 i=1

n
544.62 and Y y? = 239.09.
i=1

Using Eq. 7.8, the parameter b can be calculated as,

Sey = [Z Xi Vi — (Z Xi Zy,-) /n] = 544.62— (176.5 % 63.9) /24 = 74.689
i=1 i=1 i=1

n n 2
Sev= | xF— (Z x,-) /n = 1410.51 — (176.5)%/24 = 112.5
i=1 i=1

,_ o _ 74689
S 1125

= 0.664

Using Eq.7.10, the parameter a is calculated as,
1 n n
= - i —b i | = (63.9 —0.664 x 176.5) /24 = —2.220
L

Hence, the relationship between the expected monthly runoff (Y in cm) and
monthly precipitation (X in cm) is expressed as (Eq.7.2),

¥ =0.664X —2.220
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Table 7.2 Calculation for estimating SLR coefficients

S. No. Vi X; x[.2 Xi Vi y[.2

1 24 6.9 47.61 16.56 5.76
2 1.1 6.4 40.96 7.04 1.21
3 1.7 6.5 42.25 11.05 2.89
4 0.5 5.1 26.01 2.55 0.25
5 1.8 7.1 50.41 12.78 3.24
6 2.0 7.1 50.41 14.20 4.00
7 4.2 10.2 104.04 42.84 17.64
8 3.0 9.9 98.01 29.70 9.00
9 4.7 8.4 70.56 39.48 22.09
10 34 5.8 33.64 19.72 11.56
11 44 10.1 102.01 44.44 19.36
12 2.8 7.3 53.29 20.44 7.84
13 1.4 5.5 30.25 7.70 1.96
14 6.3 114 129.96 71.82 39.69
15 44 10.8 116.64 47.52 19.36
16 1.8 7.5 56.25 13.5 3.24
17 4.2 8.2 67.24 34.44 17.64
18 2.9 7.9 62.41 2291 8.41
19 0.0 4.1 16.81 0.00 0.00
20 1.3 5.0 25.00 6.50 1.69
21 1.3 6.7 44.89 8.71 1.69
22 0.0 4.3 18.49 0.00 0.00
23 5.9 10.4 108.16 61.36 34.81
24 2.4 3.9 15.21 9.36 5.76
Total 63.9 176.5 1410.51 544.62 239.09

The expected amount of runoff generated by monthly precipitation of 14 cm

=0.664 x 14 —2.220 = 7.08 cm

Example 7.1.2
In a large district, the average monthly air temperature and the average monthly
evaporation over 15 water bodies are given below.

The evaporation is expected to increase with temperature. Determine the linear
regression equation for estimating the expected evaporation (Y) on the basis of tem-
perature (X) information. Also, calculate the standard error of estimate (Table 7.3).

Solution A linear regression model between the expected monthly evaporation (Y)
and average monthly air temperature (X) is given by:
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Table 7.3 Average monthly air temperature and evaporation for 15 different water bodies

Location no. Average monthly Average monthly
temperature (°C) evaporation (mm)
1 22.6 52
2 22.1 4.7
3 20.1 2.8
4 29.0 11.3
5 26.7 9.1
6 21.8 44
7 23.2 5.8
8 25.6 8.1
9 239 6.4
10 26.7 9.1
11 28.4 10.8
12 24.3 6.8
13 29.0 11.3
14 23.6 6.2
15 22.3 4.9
Y =a+bX

The parameters a and b can be estimated using the Egs. 7.8, 7.9b and 7.10. These
calculations are tabuLated in Table 7.4’11.

n
Hence, n = 15,3 x; = 369.3, 3 y; = 106.9, Sy, = > y2 = 101.03, S, =
i=1 i=1 i=1

> x2 =110.14, and S,y = 3" X4y = 105.48
i=1 i=1
Sy 105.48
p=2% _ =0.958
Sy 110.14

a=Y —bX = (106.9 — 0.958 x 369.3) /15 = —16.451

Hence, linear regression model between the expected monthly evaporation (Y in
mm) and average monthly air temperature (X in °C) is given by:

Y =0.958X — 16.451

Standard error of estimate (s, ) is the sample estimate of 0. (sez) being an estimate of
o2, is given by dividing sum of squared errors by (n — 2).
From the table, sum of squared errors = Y (y; — 9,-)2 =" (e)* = 0.013. Hence,
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Table 7.4 Calculation of SLR parameters for Example 7.1.2

Location | y; xi (°C) | yai Xdi 0ai)® | a)? | xaivai | i &j &?
no. (mm) (i =¥ | (xi = %) (vi—31)

1 5.2 22.6 —1.93 | -2.02 3.71 4.08 3.89 5.199| 0.001 | 0.000
2 4.7 22.1 —2.43 | =252 5.89 6.35 6.12 4.720| —0.020 | 0.000
3 2.8 20.1 —4.33 | —4.52 18.72 20.43 19.56 2.804| —0.004 | 0.000
4 11.3 29.0 4.17 4.38 17.42 19.18 18.28 11.330| —0.030 | 0.001
5 9.1 26.7 1.97 2.08 3.89 4.33 4.10 9.127 | —0.027 | 0.001
6 4.4 21.8 —2.73 | -2.82 7.43 7.95 7.69 4.432| —0.032 | 0.001
7 5.8 232 —1.33 | —-142 1.76 2.02 1.88 5.774| 0.026 | 0.001
8 8.1 25.6 0.97 0.98 0.95 0.96 0.95 8.073| 0.027 | 0.001
9 6.4 23.9 —-0.73 | -0.72 0.53 0.52 0.52 6.444| —0.044 | 0.002
10 9.1 26.7 1.97 2.08 3.89 4.33 4.10 9.127 | —0.027 | 0.001
11 10.8 28.4 3.67 3.78 13.49 14.29 13.89 10.755| 0.045 | 0.002
12 6.8 24.3 —0.33 | —-0.32 0.11 0.10 0.10 6.827 | —0.027 | 0.001
13 11.3 29.0 4.17 4.38 17.42 19.18 18.28 11.330| —0.030 | 0.001
14 6.2 23.6 —0.93 | —-1.02 0.86 1.04 0.95 6.157| 0.043 | 0.002
15 4.9 22.3 —2.23 | =232 4.96 5.38 5.17 4911|-0.011 | 0.000
Total 106.9 369.3 0.00 0.00 |101.03 |110.14 | 105.48 | 107.01 |—-0.11 |0.013

1

A2 0.013
S, = n_2Z(y,—yl) = 15—_220001

[

Standard error of estimate (s,) = +/0.001 = 0.032

7.2 Curvilinear Regression

In the previous section, the regression equation is considered to be linear that is for
a particular value of X, the mean of the distribution of Y is given by o + Bx. In
this section, we will consider cases where the regression curve is nonlinear, but the
least square method of analysis is still applicable. Such cases of regression are called
curvilinear or nonlinear regression. These regression models are classified into two
categories:

(i) Model transformable to linear regression;
(ii)) Model not transformable to linear regression.
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7.2.1 Model Transformable to Linear Regression

Some of the curvilinear regression model, if transformed, can be converted into linear
regression model. After transformation, the least square estimates of parameter can
be obtained by the method explained in the previous section. Two very commonly
used relationships that can be fitted using the least square method after transformation
are as follows:

(i) Reciprocal Function:

1
= 7.13
Y= T B (7.13)
It represents a linear relationship between x and 1 / y, namely
1
- =o+ Bx (7.14)
y
(ii) Power Function:
y = ax? (7.15)
It represents a linear relationship between log(x) and log(y), namely
log y =log o 4+ Blog x (7.16)

Example 7.2.1
Multiple models exist for modeling infiltration rate with respect to time. In a flooding
type infiltration test, following infiltration capacity data is given in Table7.5.

The maximum rate at which soil can absorb water at a given time is defined as
infiltration capacity. It is denoted by f;. For most of soil, the infiltration capacity at
initial time is highest (known as initial infiltration capacity, denoted by f;), which
gradually decreases to steady-state infiltration capacity (also known as constant or
ultimate infiltration capacity, denoted by f.) at =t,.

(a) Plot the curves for
(i) infiltration capacity versus time;  (iii) cumulative infiltration versus
(ii) infiltration capacity versus cumu- time;

lative infiltration; (iv) In(f; — f.) versus time.

(b) Find the least square estimate of Horton’s infiltration model parameter given by,

ff = fc + (fo - fc) e_kt
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Table 7.5 Time since start of infiltration experiment and corresponding cumulative infiltration

depth

Time since experiment |5 10 20 30 45 60 75 90 105 | 120
start (minutes)

Cumulative infiltration | 1.30 |2.50 |4.30 |[5.75 |7.40 |8.75 |9.90 |10.95|/11.90|12.85
depth (cm)

where f; is the infiltration capacity at time ¢. Similarly, f; is the infiltration
capacity at t = 0 and f, is the constant infiltration capacity at t = ¢,.
(c) Fit a Kostiakov infiltration model over the data given by,

that

b

where F; is the cumulative infiltration capacity at time ¢.

Solution (a) Incremental infiltration depths along with various other parameters
are calculated and shown in following table.

Time in Cum. depth  Incremental t in (hrs) Infiltration (1 / F) In(fi—fo)
®) (Ft) depth (F;—; capacity  (ft)
(min) (cm) —-F) (cm/h)

(cm)
0
5 1.30 1.30 0.08 15.6 077 247
10 2.50 1.20 0.17 14.4 040 236
20 4.30 1.80 0.33 10.8 023 195
30 5.75 1.45 0.50 8.7 0.17 159
45 7.40 1.65 0.75 6.6 0.14 1.03
60 8.75 1.35 1.00 5.4 0.11 047
75 9.90 1.15 1.25 4.6 0.10 —-0.22
90 10.95 1.05 1.50 4.2 0.09 —-0.92
105 11.90 0.95 1.75 3.8 0.08
120 12.85 0.95 2.00 3.8 0.08

The relationship between different quantities is shown graphically in following

figures.
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(b) The Horton’s infiltration equation can be transformed to linear equation as,

ft = fc + (fo - fc) e_kt
fi—fo=(fo—f)e™
In(f, — f.) =In(f, — fo) —kt

Hence, by comparing this form of Horton’s equation and a linear regression
model with In(f; — f.) as y and ¢ as x,

y=a+bx

Fromthetable, f. = 3.8, f, = 15.6,a = In(f, — f.) = In(15.6—3.8) = 2.468
and b = —k.
Form Eq.7.10,

a=y—bx
or,2.468 =y + kx
or, 2.468 = 1.091 + k(0.6975)
or, k = (2.468 — 1.091) /0.6975 =1.9742

Note that x is computed using only first 8 values of x, i.e., ¢, since only 8§ values
of y,i.e.,In(f; — f.), are available.
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Hence, fitted Horton’s equation is given by

In(f;, —3.8) =2.468 — 1.974¢
or, f, — 3.8 = 24681974

or, f; = 3.8+ 11.8¢197#
(c) The Kostiakov infiltration model can be transformed to linear equation as,

F,=at’
In(F,) =In(a) + bIn (¢)

Hence, In(F;) are In(¢) in following table.

Time Cum. Depth tin In(F}) In(z)
(min) (Fy) (hrs)
(cm)

5 1.30 0.08 0.26 —2.48
10 2.50 0.17 0.92 —1.79
20 4.30 0.33 1.46 —1.10
30 5.75 0.50 1.75 —0.69
45 7.40 0.75 2.00 —0.29
60 8.75 1.00 2.17 0.00
75 9.90 1.25 2.29 0.22
90 10.95 1.50 2.39 0.41
105 11.90 1.75 2.48 0.56
120 12.85 2.00 2.55 0.69

The estimates of parameters of this equation (In (@) and b) can be obtained using
the Eqgs.7.8 and 7.10 as done in Example 7.1.1.

In (a) = 2.141 and b =0.702
or,a = exp (2.141) = 8.508
So, Kostiakov infiltration model for the observed infiltration data is given by

F, = 8.508¢0702

7.2.2 Model Not Transformable to Linear Regression

Secondly, we will consider the case where the functional form of the regression Y on
X is not transformable to linear regression. For example, a polynomial fit between
Y and X is given by:
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y=Po+Bix+ x>+ +Bxl +e (7.17)

where the degree of the equation is determined by inspecting the data. The corre-
sponding coefficients can be calculated by the method of least square as discussed
in the previous section. The coefficients of fit (8;) can be obtained by considering
different powers of independent variable as separate independent variable and using
the concept of multiple linear regression, which will be discussed in the next section.

7.3 Multiple Linear Regression

In the previous section, we have discussed the relation between a dependent and a
single independent variable. However, in many cases, the dependent variable may
depend on more than one independent variables. For example, the runoff is dependent
on precipitation depth, duration of rainfall, initial losses, and infiltration indices. A
general multiple linear regression (MLR) model can be represented as,

Y=8+B5XI+BXo+ - +B,X,+¢ (7.18)
where Y is the dependent variable and X, X5, ..., X, are the independent variables
and By, B1, B2, - . ., Bp are the unknown parameters. It should be noted that while

fitting MLR, assumptions of simple linear regression should hold, and additionally,
the data should not have multicollinearity. Multicollinearity represents a situation
that linear combination of some inputs (independent variables) results in zero.
Now, a set of observed data will consist of n observations of Y and corresponding
n observations of p independent variables. Thereby, the Eq.7.18 can be written as,

14
Yi=Po+ D BiXi, (7.19)
j=1

where Y is the i th observation of the dependent variable and X;; ; is the i th observation
of the jth independent variable. In the form of matrix, it can be written as,

Y, I X1 X2 X153+ X1, Bo
Y, 1 Xo1 Xop Xo3 -+ X0 Bi
3 | |1 X351 X32X33...X3, B2 (7.20)
Yn 1 Xn,l Xn,2 Xn,3 Xn,p ,Bp

or,
Y = X8 (7.21)
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where Y is an n x 1 vector of the dependent variable, X is ann x (p + 1) matrix of
the independent variables, and B is a (p + 1) x 1 vector of the unknown parameters.
In order to find out the values of the parameters, we can use the least square method
as utilized in the earlier sections. Hence by minimizing Y /_, £2, we can obtain .

In matrix form, the sum of squared error can be written as,
n . T .
YeZ—ele= (Y _ Xﬂ) (Y — X,B) (7.22)
i=1

Differentiating the above equation with respect to B and setting the value of the
expression to zero, we get A
xTy = xTxp (7.23)

The solution for ,3 can be obtained by multiplying both sides of the equation with
(XTX)_l . We finally obtain

B=(x"x)" x"y (7.24)

Example 7.3.1
The average monthly evapotranspiration is estimated using the average temperature
and average wind speed by the following model using the data given in Table 7.6.

E(Y[Xy, X2) = Bo+ i1 X1 + 2 X2
where Y': average monthly evapotranspiration (in mm)
X : average wind speed (in kmph)

X,: average temperature (in °C)
Determine Sy, 81, and B;.

Table 7.6 The average monthly evapotranspiration and wind speed and temperature for 10 months

Observation no. | Evapotranspiration (Y) Wind speed (X1) Temperature (X7)
(mm) (kmph) O
1 7 12 22.30
2 6 10 24.50
3 5 8 22.30
4 11 15 21.90
5 13 19 25.60
6 12 22 26.20
7 26 25 27.80
8 11 14 23.80
9 13 18 29.00
10 11 13 27.40




7.3 Multiple Linear Regression 243

Solution The transpose of independent variable matrix X is given by

U S T I A R D S B

X = 12 10 8 15 19 22 25 14 18 13
22.30 24.50 22.30 21.90 25.60 26.20 27.80 23.80 29.00 27.40

Similarly, the transpose of dependent variable matrix is given by:
Y=[765 1113122611 13 ll]T

R S —8.507
B=(X"X) X"y=| 0882
0.249

Hence, the relationship is given by
E (Y|Xy, X2) = —8.507 4+ 0.882X, + 0.249X,

Example 7.3.2

At any given location, the mean annual temperature is estimated from the average
elevation (in m) above mean sea level (MSL) and the latitude (°N) by the following
model using the data given in Table 7.7.

E (Y|X1, X2) = Bo + Bix1 + Bax2

where Y: mean annual temperature (in °C)
X: average elevation (in m) above MSL
X,: latitude (°N)
Determine the coefficients Sy, 8, and B,, respectively.

Solution The independent and dependent variables matrix (X and Y, respectively)

is given by,

NS I S R IS S R I

X = 600 587 651 574 ... 591 601 577 629
33.54 26.77 31.37 29.66 ... 30.66 29.58 27.51 34.28

Y =[25.530.026.728.1 ... 27.4 28.1 29.5 24.9]"

20.00 12058.00  597.53
(XTX) = | 12058.00 7297068.00 361654.95
597.53 361654.95 18000.43
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Table 7.7 Mean annual temperature, average elevation, and latitude for 20 places

Observation no. Mean annual Average elevation (m) | Latitude (°N)
temperature (°C)
1 25.5 600 33.54
2 30.0 587 26.77
3 26.7 651 31.37
4 28.1 574 29.66
5 29.1 621 27.92
6 26.2 623 32.37
7 26.0 644 32.48
8 25.0 670 33.90
9 24.9 676 33.86
10 28.3 592 29.21
11 28.5 583 29.01
12 29.0 539 28.61
13 30.0 599 26.69
14 30.3 600 26.09
15 31.0 548 25.48
16 29.0 553 28.54
17 274 591 30.66
18 28.1 601 29.58
19 29.5 577 27.51
20 24.9 629 34.28

X 13.3815 —0.0228 0.0149

(XTX)" = | —0.0228 0.00007 —0.0006
0.0149 —0.0006  0.0131
557.500
(X"Y) = | 335081.400
16553.339
R 1 50.002
B=(X"X) X"y =|-0.004
—0.651

Hence, the relationship is given by

E (Y|X1, X2) = 50 — 0.004X; — 0.651X,
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Example 7.3.3

For the data presented in Example 7.2.1, the cumulative infiltration depth and time are
found to follow second-degree polynomial regression. Develop a curvilinear regres-
sion model for predicting cumulative infiltration depth using time as independent
variable.

Solution From Example7.2.1

Cumulative ¢ 2
Depth (F;) (hr) (hr?)
(cm)

1.30 0.08 0.0064
2.50 0.17 0.0289
4.30 0.33 0.1089
5.75 0.50 0.2500
7.40 0.75 0.5625
8.75 1.00 1.0000
9.90 1.25 1.5625
10.95 1.50 2.2500
11.90 1.75 3.0625
12.85 2.00 4.0000

Taking ¢ as first independent variable and #> as second independent variable, the
transpose of independent and dependent variable matrix is given by:

1 1 | 1 1 | 1 1 | 117

X = 0.08 0.17 033 050 0.75 1.00 125 150 1.75 2.00
0.0064 0.0289 0.1089 0.2500 0.5625 1.0000 1.5625 2.2500 3.0625 4.0000

Y=[1.30 250 430 575 740 875 990 1095 1190 12.85]7
| 0.9253
B=(X"X) X"Y=| 99545
—2.0674

So the regression model is given by

F; = 0.9253 4 9.95451 — 2.06741>.

7.4 Evaluation of Regression Model

After fitting the regression model over the data, the adequacy of the fitted regression
model is required to be checked. This can be checked by determining how much
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of the variability in dependent variable is explained by the regression model. The
individual value of observed Y, i.e., y; can be expressed as sum of three components
as,

Y=Y+ G = Y)+ i — )
o, (i —=Y)=(yi—3)+(F-7) (7.25)

Squaring both sides and summing for all values of Y,

Z(Yi —?)2 = Z()’i —)A’i)z-i‘Z()Afi —?)24‘22()&' —3) (% —Y) (7.26)

As > (vi— i) (i — 7) =0and ) (yi — 7)2 =Y y? — nY?, so above equation
can be written as,

Yoot =V 30 (=) (-7 a2

Hence, from Eq.7.27, the total sum of squares of dependent variables () yiz) can be
expressed into three following components:

(a) nY? —sum of squares due to mean (SSM);
®) > (yi — y,-)z — sum of squared errors or regression residual (SSE);

© X ( i — 7)2 — sum of squares due to regression (SSR).

So, total variability in the dependent variable is the sum of variability explained
by regression and variability due to residuals/errors. The adequacy of regression
model can be expressed as ratio of variability explained by the regression model
> (i — ?)2 and total variability in observed dependent variable Y (y; — ?)2. The
ratio is called coefficient of determination and represented as r> or R?.

R? — Sum of variability in dependent variable explained by regression

Total variability in dependent variable
Sum of Squared Error

" Total variability in dependent variable (7.28)
A~ 2 —2
_Z(yi—?) :Z(a—i—bxi—a—bX) _bZSm_ 3,

> ()’i - ?>2 > (yi - ?)2 Syy B SexSyy

The ratio of variability explained by the regression model can never be greater than
total variability of the dependent variable. Hence, the coefficient of determination
ranges between 0 and 1. Closer the R2 to 1, the better the model is.

In the case of multiple linear regression, coefficient of determination also called
coefficient of multiple determination can be calculated using Eq.7.28. However,
with increase in independent variables, the R? will automatically and spuriously
increase. This may lead to wrong interpretation for the model having large number
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of independent variables. Hence, R? need to be adjusted for increased number of
independent variables. The adjusted R? is always smaller than R and may be negative
also. Adjusted R? (R2,)) is expressed as

adj
) Sum of Squared Error n—1
R di — 1 — SCRTTVENE - X
ad Total variability in dependent variable = n — p — 1 (7.29)
5 n—1 ’
=1-(1-R)x ———
n—p-—1

It should be noted that Rﬁ 4 unlike R2, does not show measure of fit. Rather, Rg dj
is useful for selecting the variables to be included in a MLR model.

Example 7.4.1
Find the coefficient of determination for the linear regression model obtained in
Example7.1.1.

Solution Variability in X is given by Sy, = Y i, x7 — Gy’

where, (Y1, x) = (176.5)> = 31152.25, Y x? = 1410.51 and n = 24.
Hence, S, = 1410.51 — 31323 = 1410.51 — 1298.01 = 112.5
Similarly, for Y,

>, y,) (63.9)2
=239.9 — = 68.956
DS ,
112.5
= (0.664)* =0.719
Sy 68.956

Coefficient of determination for linear regression model developed in Example 7.1.1
is 0.719, or in other words, the developed model is able to explain 71.90% of
variability in dependent variable.

Example 7.4.2
Find the coefficient of determination for the multiple linear regression model obtained
in Example7.3.1.

N\ 2
Solution Sum of squared of error (SSE) = 3 (Y — Y) — Y (Y — XB)? = 70.246
Total variance in dependent variable = ) (Y — 7)2 = 308.50

: . S(r-7)
Coefficient of determination = 1 — ST =1-70. 246/308 50 =0.7723
Adjusted coefficient of determination can be calculated using Eq. 7.29.
2 2 n—1 10 -1
R, =1-(1-R)x ——— =1-(1-0.7723) ——— = 0.7072.

adj n—p—1 10-2-1
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7.5 Correlation and Regression

Coefficient of correlation is a measure of linear association between dependent and
independent variable. Mathematically, sample correlation coefficient is defined as
the sum of product of standardized variable divided by (n — 1).

r =
n—1

1 Z(xi_x> y:—Y _ Sxy _m&_ﬂb
«/E Syy vV Sxx Syy m Sxx m

(7.30)
where b is least square estimate of slope for simple linear regression model (8). It
can be observed that if most of the deviation from mean in either of X or Y is of same
sign, then the r will be having positive value. In other words, if both the variables
deviate from mean in similar trend (one increases then other also increases and vice
versa), then the linear association is high. The correlation coefficient can also become
negative if most of the deviation from mean in either of X or Y has opposite signs.
The magnitude of r ranges between —1 and 1. Following inferences about the linear
relationship between the variables can be drawn based on the value of correlation
coefficient.

(i) The magnitude and sign of r represent the strength of linear association and
direction of slope of straight line fit between variables.

(ii) A value of r closer to zero represents very weak linear association between the
variables involved. In such cases, linear regression may not be able to model the
relationship between the variables.

7.6 Correlation and Causality

A high observed correlation does not suggest anything about a cause-and-effect
relationship. Hence, the observation that two variables tend to vary simultaneously in
the same direction does not imply a direct relationship between them. Both variables
may depend upon on unknown variables, and positive correlation is being produced
due the mutual relationship with other variables. These unknown variables are called
lurking variables. Lurking variables are often overlooked when mistaken claims are
made about X causing Y. Hence, the correlation coefficient should not be taken as a
measure of relationship or causality. Sometimes, a causal relationship may also exist
that is opposite to the observed correlation.
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7.7 Confidence Interval

The confidence interval of least square estimates of « and 8 depends upon the estimate
of standard error. The standard error o? is estimated from the deviation of sample
points from the estimated least square line. The estimate of o> from a sample is given
by standard error of estimate (S,). Standard error of estimate is the residual sum of
squares or the sum of squared errors divided by n — 2 and is expressed as,

2
1 o Sy = (8n)/Su
=2 (i=3) = r(ljyi/" (7.31)

For studying the statistics for inference about « and S, i.e., the least square estimators
of the regression coefficients, two following random variables are defined as,

_ S, b—
=" P and = C=P - a3
Se Sxx +n @ Se

These statistics ¢ and ¢” follow ¢ distribution with n — 2 degrees of freedom. To
construct confidence intervals of (1 — «)100% for the regression coefficients o and
B, we substitute for the middle term of —7,/> < t < 1, for the appropriate  statistic,
leads us to,

a—o nSyx b-8)
—tyn < <1, and — fyn < VS <ty
e R P, /2

1 2
a:azxtynS, —+®

1
and bt typnS,—— 7.33
; Pubstepde o= 039

The estimate y (= a + bx) follows a t—distribution with mean a + bx, variance
Se2 (}l + (’“5_—7)2), and degrees of freedom n — 2. Thus, (1 — «)100% confidence

interval of the estimated value (y) is given by,

1 _ 2
Y:(a+bx) £ tepSe |~ + (xS—Y) (7.34)
n XX
Example 7.7.1

For the Example 7.1.1, find the 95% confidence interval of the parameter c.

=
A

Solution From the solution of Examples7.1.1 and 7.4.1, §,, = 112.499, §,, =
68.956, Sy, = 74.689, Y/ x; = 176.5, and n = 24
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Sy — (S0)” /S 68.956 — (74.689)2
P / _ /112,499 _  ee0s
¢ n—2 24 -2

= +/0.8805 = 0.9383

For (n —2) = 24 — 2 = 22 degrees of freedom #.975 = 2.0739, so 95% confidence
limit for parameter o

2 176.5/24
®) = (—2.220) &+ 2.0739 x 0.9383 +¥

1
ra £ tynS. —
@ aElappde\ ) g 24 T 112,499

Hence, the confidence interval is given by,
—3.6265 < o < —0.8134.

Example 7.7.2
For the Example 7.1.1, is parameter § equal to unity at 5% level of significance?

Solution The null and alternate hypothesis can be expressed as

e Null hypothesis: B = 1;
e Alternative hypothesis: B # 1;
e Level of significance = 0.05.

For (n—2) = 24—2 = 22 degrees of freedom, £y 975 = 2.0739 and # gp5s = —2.0739.
Hence, the critical zone is given by (oo, 2.0739] U [-2.0739, —o0).
The test statistic is given by

(b B) _ (0.664— 1)
P = VS = —————2/112.499 = —3.799
0.9383

Since the statistic fall in the critical zone, the null hypothesis must be rejected.

Example 7.7.3
For the Example7.1.2, check whether the regression line passes through origin at
0.01 level of significance?

Solution If the regression line passes through origin, then its intercept on the y-axis
should be 0. Hence,

e Null hypothesis: a = 0;
e Alternative hypothesis: a # 0;
e Level of significance = 0.01.

Given (from Example7 12:n=157%"_ x, =369.3,> ", yi = 106.9,
Syy =Y, ya. =101.029, S,y = Y7, x3, = 110.14 and
Sxy = Z?:] XdiYdi = 105.482
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YU x| 3693

=24.62
n 15

X =

Se=

=0.030

2
Sy = (5) [, / 101,020 — (10548277, 14y
— = 15-2

For (n—2) = 15—2 = 13 degrees of freedom, 7y 995 = 3.0123 and #9 go5 = —3.0123.
Hence, the critical zone is given by (oo, 3.0123] U [—-3.0123, —00).
The test statistic is given by,

a—a nSyx —16.459 -0 15 x 110.14
19 = = = —232.46
Se \ Ser +nx)? 0.030 110.14 + 15(24.62)2

Since the test statistics fall in critical zone, the null hypothesis is rejected at 1%
significance level.

7.8 MATLAB Examples

Simple and multiple linear regression can be done in MATLAB using ‘regress’
function. The ‘regress’ function needs at least two inputs and produces a number
of outputs like regression parameters, their confidence interval, etc. The ‘regress’
function for solving ¥ = X8 (Eq.7.21) is expressed as:

[b,bint, r,rint,stats] = regress(y,X,alpha)
Inputs:

y — vector of values of dependent variables (n x 1),

X —(n x (p+ 1)) matrix of n values of p independent variable where first column
contains all ones and 2nd to (p + 1)th column contain values of independent
variables,

alpha (optional) — level of significance for least square estimates. If user do not
provide ‘alpha’ then its default value is 0.05.

Outputs:

b — vector of regression parameter,

bint — confidence interval of regression parameter at given level of significance,
r —residual for each value of dependent variable,

rint - confidence interval of residual for each value of dependent variable,
stats — some statistical measures (R?), F statistic, p-value, and estimate of
standard error about the fitted regression model.
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A sample code for solving simple linear regression Example 7.1.1 and related Exam-
ples7.4.1,7.7.1 and 7.7.2 is shown in Box 7.1. The output of above code is shown in
Box7.2.

Box 7.1 Sample MATLAB code for Example 7.1.1 and related examples
-

clc; close all; clear

1
2
3 %% Inputs

4 | precipitation=[6.9;6.4;6.5;5.1;7.1;7.1;10.2;9.9;8.4;5.8; ...

5 10.1;7.3;5.5;11.4;10.8;7.5;8.2;7.9;4.1;5;6.7;4.3;10.4;3.91;
6 2;4.2;3.0;4
7

8

runoff=[2.4;1.1;1.7;0.50;1.8; ; ;4.7;3.4;4.4;2.8; ...
1.4;6.3;4.4;1.8;4.2;2.9;0;1.3;1.3;0;5.9;2.471;

9 %% Scattergram

10 scatter (precipitation, runoff) ;box on;

11 xlabel ('Monthly Precipitation (cm) ') ;

12 ylabel ('Monthly Runoff (cm)’);

13 max_val=ceil (max (max (precipitation) ,max (runoff))) ;
14 h=1sline; set (h, "color’,’'r"’');

15 legend (h, 'least square fit line’)

16 axis ([0 max_val 0 max_vall);

18 %% Regression Fitting
19 | Y=runoff;
20 | X=[ones (size (precipitation,1l),1l) precipitation];
21 alpha=0.05;
22 [b,bint ,r, rint,stats] = regress (Y, X,alpha);
23
24 %% Display Results
25 output_file=["'output’ filesep () ’‘code_1_result.txt’'];
26 delete (output_file); diary (output_£file) ; diary on;
27 | disp (' The regression Parameters:’);
28 fprintf (‘a = %2.3f and b = %2.3f\n’,b(1), b(2));
29 disp (' The confidence Interval of parameters:’);
30 fprintf ('a : %2.3f and %2.3f\n’,bint(1,1), bint(1,2));
31 fprintf (‘b : %2.3f and %2.3f\n’,bint(2,1), bint(2,2));
32 fprintf ('Residuals: ’); fprintf ('%2.2f, ',r); fprintf ('\n’);
33 disp ('Statistical Measures for the developed model’);
34 fprintf (‘'R*2: %1.3f, \nF Statistics: %1.3f, \np-value: %1.3f, \
nError Variance estimate: %3.2f \n’,stats);
35 diary off;
-

Box 7.2 Output of sample MATLAB code provided in Box 7.1
-

The regression Parameters:

1

2 |la = -2.220 and b = 0.664

3 The confidence Interval of parameters:

4 a : -3.626 and -0.813

5 b : 0.480 and 0.847

6 | Residuals: 0.04, -0.93, -0.40, -0.67, -0.69, -0.49, -0.35, -1.35,
1.34, 1.77, -0.09, 0.17, -0.03, 0.95, -0.55, -0.96, 0.98,
=0.1A,;, =030, 0,30, =0.983, =0.68, iL.32, 2B.08,

7 | Statistical Measures for the developed model
8§ | R*2: 0.719,

9 F Statistics: 56.318,

10 | p-value: 0.000,

11 Error Variance estimate: 0.88
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As we can see from Box 7.2, the regression model is

Y =0.664X — 2.220

which we also obtained in Example7.1.1. Other output of the code can be cross

checked with the Examples7.7.1 and 7.7.2.

Similarly, the regress function can be used for solving examples based on multiple
linear regression, e.g., Example7.3.1. A sample code to solve the Examples 7.3.1

and 7.4.2 is given in Box 7.3. The output of above code is shown in Box 7.4.

Box 7.3 Sample MATLAB code for Example 7.3.1 and associated examples

clec; close all;clear

%% Inputs

wind_speed=[12;10;8;15;19;22;25;14;18;13];

temperature
=[22.30;24.50;22.30;21.90;25.60;26.20;27.80;23.80;29;27.401;

6 evapotranspiration=[7;6;5;11;13;12;26;11;13;11];

LR W —

8 %% Regression Fitting

9 Y=evapotranspiration;

10 X=[ones (size (wind_speed)) wind_speed temperaturel];
11 alpha=0.05;

[b,bint ,r, rint,stats] = regress (Y, X,alpha);

14 %% Display Results
15 output_file=["'output’ filesep () ’‘code_2_result.txt’'];
16 delete (output_file); diary (output_file); diary on;
17 disp (' The regression Parameters:’);
18 fprintf ('%2.2f, ' ,b); fprintf ('\n"’);
19 disp (' The confidence Interval of parameters:’);
20 | disp (bint)
21 fprintf ('Residuals: ') ;fprintf ('%2.2f, ',r);fprintf ('\n’);
22 disp ('Statistical Measures for the developed model’) ;
23 fprintf ('R*2: %$1.3f, \nF Statistics: %1.3f, \np-value: %1.3f, \
nError Variance estimate: %3.2f \n’,stats)
24 diary off;
-

Box 7.4 Output of sample MATLAB code provided in Box 7.3

The regression Parameters:

1

2 -8.51, 0.88, 0.25,

3 The confidence Interval of parameters:

4 -35.6356 18.6208

5 0.2844 1.4806

6 -1.0222 1.5198

4

8 | Residuals: -0.63, -0.41, 0.90, 0.82, -1.63, -5.43, 5.53, 1.23,

-1.59, 1.22,

9 Statistical Measures for the developed model
10 R*2: 0.772,

11 | F Statistics: 11.871,

12 | p-value: 0.006,

13 Error Variance estimate: 10.04
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The developed regression model is
E (Y|X, Xp) = —8.514+0.88X, 4+ 0.25X,

The other outputs of the MATLAB code can be cross-checked from the Exam-
ples7.3.1 and 7.4.2.

Exercise

7.1 In a certain catchment of area 40 km?, the following rainfall and direct runoff
depth over the catchment has been observed for 16 isolated rainfall events.

Rainfall Rainfall Runoff (mm) Rainfall Rainfall Runoff (mm)
Event no. Depth (mm) Event no. Depth (mm)

1 42.39 13.26 9 47.08 2291

2 33.48 3.31 10 47.08 18.89

3 47.67 15.17 11 40.89 12.82

4 50.24 15.50 12 37.31 11.58

5 43.28 14.22 13 37.15 15.17

6 52.60 21.20 14 40.38 10.40

7 31.06 7.70 15 45.39 18.02

8 50.02 17.64 16 41.03 16.25

These measurements are made at a culvert present in the downstream of the catch-
ment. Develop a linear regression model taking runoff as dependent and rainfall as
independent variable. Using the developed relationship, answer the following:

(a) A precipitation event generated direct runoff of 1.2 Mm? from the basin. What
is the corresponding rainfall depth? (Ans 6.24 mm)

(b) For a rainfall event of 3 hr with average intensity 12.7 mm / hr, what is the
corresponding direct runoff depth? (Ans 11.49 mm)

(c) How much percentage of variance in runoff is being accounted for in the devel-
oped model? (Ans 65.94%).
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7.2 For a catchment, following observations are made for 24 consecutive months.

Precipitation (mm) Surface Air Temper- Precipitable Water ~ Pressure at surface

ature (°C) Content (kg/mz) (mb)
0.00 19.11 11.15 964.00
0.03 20.43 12.39 964.21
5.99 21.81 15.54 961.21
4.97 28.66 15.59 960.19
9.50 31.61 20.99 957.69
3.94 3445 21.41 954.03
145.06 32.41 36.46 951.22
241.36 25.58 49.36 951.11
413.60 24.08 49.66 952.21
216.46 24.14 41.48 956.19
41.37 24.19 31.27 961.91
44.43 22.40 20.99 963.17
0.81 21.58 20.30 964.59
1.94 22.36 18.51 963.70
6.50 24.52 21.08 963.30
1.56 28.55 17.42 960.72
0.57 34.27 23.29 955.75
2.50 36.26 23.74 952.15
67.74 31.10 43.73 950.79
422.32 24.28 53.09 949.85
370.69 23.86 51.05 951.75
237.83 23.75 48.86 955.06
210.00 23.04 39.29 958.84
0.00 20.13 18.09 962.57

Taking precipitation as dependent variable, check:

(a) Which variable between surface air temperature and surface pressure has stronger
linear relationship with the precipitation? (Ans Pressure at surface)

(b) Derive a linear regression model between precipitation (Y) and precipitable
water content (X), and evaluate its adequacy? (Ans Y = —169.18 + 9.24X,
R> =0.82).

7.3 From historical records, for rainfall depth of 15 cm, the runoff generated along
with basin characteristics for 10 basins is tabulated below.

Basin Area (km?)  Length of longest  Drainage Density Generated Runoff

Stream (km) (km / km?) (cm)
118.71 20.02 14.42 10.8
92.72 15.22 14.95 8.5
81.14 17.43 14.87 8.4
64.90 8.18 16.31 6.8
58.71 10.17 16.00 6.1
68.20 9.82 16.29 7.0
85.89 19.03 16.50 8.6
73.08 14.60 16.81 8.0
106.66 19.84 13.97 8.3

102.96 18.89 13.86 9.8
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(a) Fit a simple regression model for drainage density (Y) using basin area (X) as
input. Also, calculate the percentage of variance in drainage density explained by
the fitted simple linear regression model. (Ans Y =19.22—0.045X, R? = 0.64)
(b) The generated runoff from the basin area is expected to follow power relationship
as expressed below,
Q=JA"

where O and A are runoff and basin area, respectively, and J and b are model
parameters. Fit a curvilinear regression model for generated runoff using basin
area as input. (Ans J = 0.41 and b = 0.674).

7.4 For the infiltration data given in Example 7.2.1, fit a Philip two-term model.
The model is expressed as:

where f; is the infiltration capacity at time 7. S and A are the model parameters.
Also, find the coefficient of determination for the developed model. (Ans § = 9.59,
A =0.89, R? =0.93).

7.5 For the data presented in Exercise 7.2, develop an MLR model taking precipi-
tation as dependent variable (Y) and all other variables as independent (X : surface
air temperature, X,: precipitable water content and X3: pressure at surface). Calcu-
late the coefficient of determination and SSE for the developed model. Compare the
developed MLR model with the SLR model developed in Exercise 7.2 (in terms of
goodness-of-fit). Is the inclusion of extra variables justified?

(Ans ¥ = 14103.7 — 13.77X, + 5.30X, — 14.41X;

R*=10.89, )" &7 = 51830.6

MLR model is fitting better than SLR model fitted in Exercise 7.2.
Rgdj = 0.87 is higher as compared to Exercise7.2, so inclusion of extra
variables is justified.)

7.6 Develop an MLR model for predicting direct runoff (Y) by using length of
longest stream (X ), drainage density (X,) as inputs for the data presented in Exercise
7.3. Calculate the coefficient of determination and SSE for the developed model. (Ans
Y =7.544 023X, —0.19X,, R> = 0.73, Y &? = 4.66).

7.7 Airtemperature and evaporation for a water body are recorded for 20 consecutive
summer days at a location.
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Days Temperature (°C) Evaporation (mm/day)

1 25.64 3.4%
2 32.67 10.6
3 31.71 10.2
4 32.15 11.2
5 31.42 10.4
6 29.19 8.9%
7 28.91 2.1%
8 33.16 11.7
9 28.17 4.2%
10 33.15 10.9
11 32.89 10.6
12 3352 12.3
13 30.06 4.5%
14 31.36 11

15 3451 13

16 29.44 6.8%
17 25.60 3.6%
18 33.67 10.9
19  31.31 9.8

20 28.55 4.7*

Evaporation (Y) is dependent upon the temperature (X). Develop a SLR model
for the data and check if

(a) The regression line between the evaporation and the temperature has a slope of
45° at 5% level of significance.

(b) The intercept of regression line is 0 mm at 1% level of significance.

(c) The evaporation corresponding to 25° C air temperature is 0 mm at 99% confi-
dence interval.

(Ans ¥ = 1.21X — 28.70.

(a) Ata = 0.05, the regression line has a slope of 45°.

(b) Ata = 0.01, the intercept is not O mm.

(c) Yes, the evaporation corresponding to 25°C air temperature is 0 mm at 99%
confidence interval.)

7.8 For the data presented in Exercise 7.7, the rows having * show the cloudy days.
Develop an SLR model using data from cloudy days only, considering daily evapora-
tion as dependent (Y') and daily air temperature as independent variable (X). Check
that the slope and intercept of developed SLR model differ from the value of slope
and intercept, respectively, of SLR model developed in Exercise 7.7 at 5% level of
significance. Comment on the statement that “on cloudy days evaporation rate with
respect to air temperature is lower compared to average/normal condition”.

(Ans ¥ = 0.54X — 10.44. At @ = 0.05 the slope and intercept of developed
SLR model is not different compared to model developed in Exercise 7.7. Hence, on
cloudy days, evaporation rate with respect to air temperature is not lower compared
to average/normal condition.)



Chapter 8 ®)
Multivariate Analysis oo

Often many hydroclimatic variables are associated with each other and
such associations are complex. Many a times several hydroclimatic vari-
ables are required to be analyzed simultaneously. Several techniques
related to multiple hydroclimatic variables are discussed in this chapter.
Different techniques include principal component analysis, supervised
principal component analysis, canonical correlation analysis, empiri-
cal orthogonal function, one-way and two-way analysis of variance. All
these techniques are explained in this chapter with illustrative examples.

8.1 Principal Component Analysis

Principal component analysis (PCA) is the transformation of p correlated variables
into p uncorrelated orthogonal components through their linear combination. The
resulting uncorrelated orthogonal components are known as principal components
(PCs). Most often, a set of hydrologic or hydroclimatic variables (used as input for
another target variable) may be significantly correlated with each other. This implies
that information available in one variable may also be partially available from other
variables. In general, the objective of PCA is data compression, in such a way that
resulting PCs are uncorrelated to each other and total variance of the original data is
redistributed. The 1st PC contains maximum amount of variance, and variance gradu-
ally decreases for the subsequent components. In hydroclimatology, the PCA is used
for either dimensionality reduction or identification of covariance structure. PCA
reduces the dimensionality as the first few components explain most of the variance
of the original data set. The PCA for p variables tries to reorient the pth dimensional
space (or Cartesian orthogonal coordinate system) to satisfy the aforementioned
redistribution of variance. The transformation of axes is geometrically illustrated for

two variables in Fig. 8.1. For a set of p variables, X = [X, X, ..., X,] each having
n observations, the set of principal components [Z;, Z,, ..., Z,] are:
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Xap — Original Axis
7y Z, |~ Transformed Axis
& Data

Vv

Fig. 8.1 Projection of axis in PCA (Z; and Z, are principal components of X| and X»)

Zl =Xa1 = a11X1 +a12X2 + .- —i—alep
Zy =Xay = an X +anXo+ - +ayX,

Z,=Xa, =anX1+apXo+---+ap,X, (8.1)

where a; i = 1,2,..., p)isa p x 1 vector, [a;, a2, .. .aiP]T, known as loading
vector (also called projection or transformation vector) for ith principal component
(Z;). Geometrically, the loading vector shows the direction of orientation of the PC
axis. Being a direction vector, its magnitude, i.e., sum of squared terms given by
aiT a;is 1.If U = [ay, ay, . .., a,] is the orthogonal projection matrix, the PC matrix
can be expressed as:

Z=XU (8.2)

PCs being uncorrelated, the covariance of any two different principal components is
zero. From Eq. 8.1, the variance of the PCs can be calculated as:

Var(Z;) = Var(Xa;) = a] Cov(X)a; = a] S,a; (8.3)

where S, represents the covariance matrix of X.

8.1.1 Determination of Principal Components

PCs can be determined by maximizing the variance of ith principal component with
the constraint that sum of square of loadings is unity. This optimization problem can
be expressed as
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maximize Var(Z;) or, maximize aiT S.a; (8.4)

subjected to a a; = 1

Further, the estimated ith and jth principal component should be such thata/ Sya; >
aJT Sca; fori < j. The optimization problem can be solved by using the method of
Lagrange multiplier. Method of Lagrange multiplier is an optimization technique to
find maxima/minima for a function subjected to equality constraint. If the optimiza-
tion problem is expressed as:

maximize f(x) (8.5)

subjected to g(x) =0
then the Lagrangian function with Lagrange multiplier A is given by:
L(x,A) = f(x) = Ag(x) (8.6)
The solution of the optimization problem is given by:

dL

— =0 8.7
I (8.7)
Hence, the solution of Eq. 8.4 is given by:
L=aS.a —\ala; —1) (8.8)
dL
=0
da,-
or, (S, — Al)a; =0 (8.9)

The characteristic equation is obtained by taking determinant of the above equation.
ISy = AI|=0 (8.10)

The roots obtained from the above equation (\;, fori € {1,2, ..., pfand \; > )\, >

- > ),) are eigenvalues of covariance matrix of X. The variance of ith principal
component is given by )\;. Hence, by arranging the eigenvalues in descending order,
one can ensure that the variance of ith principal component is more compared to
Jjth principal component if i < j. The principal component loading vector for ith
principal component (a;) is given by:
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Sy —Ail)a; =0 Such thata/ a; = 1 (8.11)

Thus, the principal component is obtained using following expression:
Zi = Xa; (8.12)

where Z; is the principal component with variance ;. According to properties of
covariance matrix, the trace of matrix (sum of diagonal elements) is the total variance
of all the variables in X variable (X, X5, ..., X,). Moreover, from the properties
of matrix, sum of all eigenvalues is equal to the trace of matrix. Hence, the variance
explained by ith principal component is given by:

Ai Ai

PN (S

Variance explained by Z; =

(8.13)

Similar expression can be obtained for the principal components from the correlation
matrix. However, the principal components obtained from correlation and covariance
matrix are not same.

Example 8.1.1

Calculate the principal component loading vectors using covariance matrix of
observed monthly hydroclimatic data given in Table A.1 (p. 429). Also, find the
variance explained by each principal component.

Solution From the data given in Table A.1, suppose that X = [X|, X5, ..., X9]
represent the data such that X; represents precipitation, X, represents surface air
temperature and so on. The covariance matrix of X is given by:

[ 21878.87 —73.79 2031.88 ... —4463.97 199.33 —18.617]
—73.79 23.27 4.14 ... —114.67 4.86 0.66
2031.88 4.14 23545 ... -=570.38 22.14 0.01
—491.46 —14.84 —63.88 ... 226.8 —-9.38 —0.49
Cov(X) =S =| —105.98 22.95 —-0.10 ... —103.39 4.44 0.58
673.09 —-1.95 77.12 ... —168.49 593 -0.36
—4463.97 —114.67 -570.38 ... 1951.57 —-80.89 —4.13
199.33 4.86 22.14 ... —80.89 4.54 0.17
—18.61 0.66 0.01 ... —4.13 0.17 0.71

- 9x9

Hence, the characteristic equation for calculating eigenvalues of S, is given by:
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or,

1Sy —AI| =0

[21878.87 — A
—73.79
2031.88
—491.46
—105.98
673.09
—4463.97
199.33

—18.61

=73.79
2327 — A
4.14
—14.84
22.95
—-1.95
—114.67
4.86

0.66

2031.88
4.14
23545 -\
—63.88
—0.10
77.12
—570.38
22.14

0.01
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19933 —18.617
4.86 0.66
22.14 0.01
938  —0.49

4.44 058 | =0

593 —0.36
~80.89  —4.13
454\ 0.17

017 0.71 -\ |

or, A = 23063.59, 1062.88, 35.89, 5.79, 1.06, 0.63, 0.17, 0.02 and 0.01.

Hence, loading vector corresponding to first principal component (a;) is given by:

(Sx — )\11)&1 =0

subjected to al a; = 1

017

apg
an
ans
ag
aps
aie
ay
as
a9 |

0

0.95
0.27
0

—0.1
—0.02

[ —1184.72 —73.79 199.33 —18.617]
=73.79 —23040.32 4.86 0.66
2031.88 4.14 22.14 0.01
—491.46 —14.84 —9.38 —0.49
or, —105.98 22.95 4.44 0.58
673.09 —1.95 5.93 —0.36
—4463.97 —114.67 —80.89 —4.13
199.33 4.86 —23059.05 0.17
| —18.61 0.66 0.17 —23062.88 |
or,a; =[097 0 009 -0.02 0 0.03 -0.21 0.01
Similarly,
097 022-008 0 —-0.01 0.01 O 0
0 -0.12-0.36 0.59 0.11 0.05-0.07 0.69 —0.14
0.09 -0.13 0.77 0.43 0.32 0.01 —=0.29 —-0.06 0.02

—-0.02 0.12 0.04 -0.06 001 0 —0.03 0.29

U= 0 -0.12-0.38 0.58 0.05-0.04 0.11 —0.65

0.03 -0.02 0.33 0.23 -0.42 -0.19 0.78 0.13

—-0.21 094 0.03 0.22 0.08 -0.02 0.01 —0.03

0.01 —0.04 —0.08 —0.17 0.76 —0.49 0.37 0.05

| 0 -0.01 0.02-005 034 0385 04 -0.02

0.01
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The variance explained by first principal component = \; / > A =0.954.

Similarly, the variance explained by second and third principal components is 0.044
and 0.001, respectively. For all other principal components, the explained variance
is negligible.

Example 8.1.2

Calculate the loading vectors of principal components using correlation matrix for
the data set used in the last example. Are the loading vectors obtained same as last
example? Also, find the variance explained by each of the principal components.

Solution Correlation matrix can be calculated from covariance matrix using the
following equation:
Cl,j -

SiiSjj
where C;; and S;; represent the elements of correlation and covariance matrix in ith
row and jth column. Hence, the correlation matrix (Cor(X) or Cy) is given by:

B 1 —-0.103 0.895 —0.645 —0.15 0.886 —0.683 0.633  —0.1497
—0.103 1 0.056 —0.598 0.997 -0.079 —0.538 0.473 0.161
0.895 0.056 1 —0.809 —0.001 0.979 —0.841 0.677 0.001
—-0.645 —-0.598 —0.809 1 —-0.553 —0.705 0.997 -0.855 —0.114
Cy=| —0.15 0.997 —0.001 —0.553 1 —-0.133 —-0.491 0.437 0.143
0.886 —0.079 0.979 -0.705 —0.133 1 -0.743 0.542 —-0.082
—0.683 —0.538 —0.841 0.997 —-0.491 —0.743 1 —-0.860 —0.111
0.633 0.473 0.677 —0.855 0.437 0.542  —0.860 1 0.093
L —0.149 0.161 0.001 —0.114 0.143 —0.082 —0.111 0.093 1]

Corresponding characteristic equation for eigenvalues are given by:

[Cx = AI|=0

1-X —0.103 0.895 —0.645 —0.15 0.886 —0.683 0.633 —0.149
—0.103 1-A 0.056 —0.598 0.997 —-0.079 —0.538 0.473 0.161
0.895 0.056 I1—X —0.809 —0.001 0.979 —0.841 0.677 0.001
—0.645 —0.598 —0.809 I—X —0.553 -0.705 0.997 —-0.855 —0.114
or, | —0.15 0.997 —0.001 —0.553 1—-X —0.133 —0.491 0.437 0.143| =0
0.886 —0.079 0.979 -0.705 —0.133 I—X —0.743 0.542  —-0.082
—0.683 —0.538 —0.841 0.997 —-0.491 —0.743 1-XA —-0860 —0.111
0.633 0.473 0.677 —0.855 0.437 0.542  —0.860 1—=A 0.093
—0.149 0.161 0.001 —0.114 0.143 —0.082 —0.111 0.093 1-A

or, A = 5.139, 2.453, 0.958, 0.302, 0.109, 0.032, 0.004, 0.000 and 0.000.
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The corresponding loading vectors are given by

a; =[—0349 —0.195 —0.398 0430 —0.173 —0.361 0433 —0.386 —0.026]"

[[—0.349 —-0.341 —0.047 0.191 0.831 —-0.178 —0.027 0.014 0.006 7]

—0.195 0.559 —-0.146 —0.175 0.220 0.209 0.194 0.68 —0.075
—0.398 —0.252 0.073 —-0.235 —0.115 0.327 0.739 —-0.222 0.036
0.430 —-0.123 0.000 0.106 0.195 0.447 0.055 0.116 0.731
U=| -0.173 0.572 -0.169 —0.155 0.234 0.194 —0.187 —0.661 0.159
—-0.361 —0.333 0.030 —0.407 —0.122 0.434 —0.605 0.151 0.003
0.433 —-0.082 -0.019 0.080 0.252 0.535 0.032 —-0.119 —0.659
—0.386 0.098 0.002 0.819 —0.244 0.323  —0.087 0.025 —0.005

L —0.026 0.194 0.970 -0.014 0.132 0.028 —0.041 —0.002 0.001 _|

These loading vectors are different from the loading vectors obtained using covari-
ance matrix.

Variance explained by 1st principal component is A; / > A =0.571.

Similarly, the variance explained by next five principal components is 0.272,
0.106, 0.033, 0.012, and 0.003, respectively. The variance explained by last two
principal components is negligible, as evident from corresponding eigenvalues. It
should be noted that the variance explained by different principal components is
different from previous example.

8.2 Supervised Principal Component Analysis

Supervised principal component analysis (SPCA) is a technique to find the linear
combination of independent variables that leads to maximum correlation with target
orresponse variable. SPCA differs from PCA by the fact that there is no target variable
involved in PCA; hence, the obtained loading vector maximizes the individual vari-
ance of principal components. However, in SPCA the loading vectors are such that
they maximize the association with the target variables. Hence, SPCA is more useful
in studies which try to establish relationship between two data sets. Interestingly,
PCA can be considered as one of the special cases of SPCA where target variable is
identity matrix. SPCA has similar loading equation as PCA (Eq. 8.1). However, the
procedure to estimate loading vector (a;) differs as it takes target variable data set in
consideration.

Let us assume that there are p independent variables (X;, i € {1,2,..., p})
and / dependent or response variables (Y;, j € {1, 2,...,1}) each having n obser-
vations with individual mean of zero. Let X = [X, X5,..., X,,]T and ¥ =
[Y1, Y, ..., Y;]7. Hence, the matrices X and Y are of sizes p xnand! x n, respec-
tively. Then, the correlation between X and Y as per Hilbert—Schmidt Independence
Criterion (HSIC) is given by (n—1)?¢r(K H L H), where K and L are kernel for UT X
and Y, respectively; i.e., K = XUUTX,andL =Y7Y,and H isa centering matrix
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(H=1—n""eel, where I is identity matrix of order n and e is an all-ones matrix
of size 1 x n). The details about HSIC and Hilbert spaces can be found elsewhere.
Hence, the SPCA can be obtained by solving the following optimization problem:

maximize tr(K HLH) Subjected to UTU =1
or, maximize tr(UT XHLHX"U) Subjected to UTU =1 (8.14)

The difference between SPCA and PCA is evident from the above equation. In
PCA, the covariance matrix of X is used for optimization; however, in SPCA, the
covariance of XHYT is optimized. Similar to PCA, the above-stated optimization
problem can be solved using Lagrangian multiplier discussed in Sect.8.1.1. The
Lagrangian function for optimization problem using the Lagrangian multiplier A is
given by:

LX,Y,U N =tr(U'XHLHXTU) - \UTU - 1) (8.15)

After maximizing the Lagrangian function (differentiation with respect to U and
equating it to zero), the following expression is obtained:

(XHLHXT —X\U =0 (8.16)

The characteristic equation is given by:

IXHLHXT —XI| =0 (8.17)
Corresponding to p roots of above equation (\; suchthati € {1,2, ..., p}and A; >
A2 = -+ > Ap), p projection or loading vectors (a; such thati € {1, 2, ..., p}) can

be calculated using the following relationship:
(XHLHX" — \;I)a; =0  Subjected to a, a; = 1 (8.18)

Using the ith loading or projection vector, the ith supervised principal component
(Z;) is given by:

Z,-=aiTX=a,-1X1+a,~2X2+~-~+aipo (819)

Example 8.2.1

From the Table A.1 (p. 429), considering the monthly precipitation as target variable
and other variables as independent variables and calculate the SPCA loading vectors
and corresponding Supervised Principal Component (SPC).

Solution Let Y be the monthly precipitation, and X;, X» ..., Xs are independent
variables; hence, X = [X;, X», ..., Xs]”. The characteristic equation for calcula-
tion of SPCA is given by:



8.2 Supervised Principal Component Analysis 267
IXHLHXT —XI| =0

where L=YTY,and H=1 —n"tee =1 — ﬁeeT =1 —0.0417¢eT

Hence,
[ 0.29 —-7.93 1.92 ... 17.43 —0.78 0.07 7
—7.93 218.40 —52.83 ... —479.82 2142 —=2.00
1.92 —52.83 12.78 ... 116.06 —5.18 0.48
0.41 —11.39 276 ... 25.03 —1.12 0.10
T _ 7
XHLHX" = —2.63 7235 —17.50 ... —158.95 7.10 —0.66 x 10
17.43 —479.82 116.06 ... 1054.14 —47.07 4.39
—0.78 21.42 —5.18 ... —47.07 2.10 —-0.20
L 007 200 048 ... 439 020 0.02 g o

The first eigen value (\;) is 13.123 x 10° and all other eigenvalues are insignificant.

As the number of response variable is one and only the first eigenvalue is sig-
nificant, so, only one SPC is selected. The corresponding SPC loading vector is
calculated by Eq.8.18.

(XHLHXT =X\ Da; =0
or,a; =[—0.148 0407 —0.098 —0.021 0.135 —0.896 0.040 —0.003]

Corresponding SPC is calculated using Eq. 8.19.

Zi=al X
Hence, Z; = [—807.04, —798.28, —786.16, —758.74, —731.69, —692.21, —691.27,
—701.56, —737.46, —778.75, —805.80, —803.13, —810.25, —802.53, —787.62,

—758.28, —723.20, —688.51, —694.76, —694.19, —734.85, —780.34, —795.36,
—820.96].

8.3 Dimensionality Reduction using PCA and SPCA

PCA and SPCA can be used for dimensionality reduction. Many a times, a threshold
for explained variance is used for the PCA and SPCA analysis. Minimum number
of principal components is selected that explain the threshold variance. In practice,
for many studies, first two or three PCs are enough to explain most of the variance
required for analysis. Similarly, the first / SPCs may found to be enough if target
variable (Y) is of size (I x n). Some of the techniques used to select the number of
PC are as follows:
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(i) Total variance explained criteria: Depending upon the prediction problem
and accuracy of the data measurement, a threshold cumulative percentage of
total variance can be selected (say Vr). First, k PCs are selected if they are
able to explain at least the threshold amount of total variance as expressed
below:

k
Select the minimum value of k for which 2N > Vp (8.20)

Zzpzl Ai

(i) Average eigen value criteria: First kK PCs corresponding to which the eigen
value is above mean eigenvalue are selected.

Select k PC, if Ay > Xand My < A (8.21)

(iii) Scree plot: Plot between PCs and variance explained by each PC is called
scree plot. The firstith PCs are selected for which scree plot shows significant
slope.

Based on the scree plot, a hypothesis test can be used for selecting PCs. If & is
number of selected PCs, then the null hypothesis is the equality of all remaining
eigen vectors (as they are measure of variance explained by any PC). The test
statistics is given by:

P
D=n|(p—kn()— > In(}) (8.22)
j=k+1

P
XA
jektl k+1

where \; = . The test statistics D follows ? distribution with 0.5(p —k —
D(p—k+2) degrees of freedom. For a hypothe51s test at « level of significance,
the null hypothesis is rejected if D > X(a) OS5(p—k—D(p—k+2).

Example 8.3.1
For the Examples 8.1.1 and 8.1.2, select the minimum number of principal compo-
nents required to explain 95% variance of the data.

Solution From the Example8.1.1, the variance explained by first principal com-
ponent is 95.4%, so only one principal component is enough for explaining 95%
variance. From the Example 8.1.2, cumulative variance explained by different prin-
cipal components is given by:
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Principal component Variance explained Cumulative variance explained

Ist 0.571 0.571
2nd 0.272 0.843
3rd 0.106 0.949
4th 0.033 0.982
Sth 0.012 0.994
6th 0.003 0.997

It should be noted that the last two principal components are insignificant and are only
explaining 0.3% of total variance. From the table, for explaining 95% of variance,
first four principal components are enough.

Example 8.3.2

For a data set having 40 observations and 8 variables, the eigenvalues of its covariance
matrix are given by 20.75, 13.88,7.57,1.07,1.02,0.93,0.87, and 0.71. Check whether
the last five eigenvalues differ significantly at 5% level of significance.

Solution According to question,

A1 =20.75, A = 13.88, \3 = 7.57, Ay = 1.07, A5 = 1.02, \¢ = 0.93, \; = 0.87
and \g = 0.71.

Null Hypothesis: Last five eigenvalues are equal, i.e., (A4 = A5 = A\¢ = A7 = Ag)
Alternative Hypothesis: At least one eigen value out of last five is not equal to
other.

Level of Significance: o = 5%.

The test statistics is given by Eq.8.22. For Eq.8.22, p=8and k =8 — 5 = 3.

r 8

=T = g
T T p—k  8-3
p 8
Z In(\,) = Zln(/\j) =047
Jj=k+1 j=4

p 8
D=n|(p—kn()— > In(A)|=40|(8-3)In(\3) — > In(}))
j=k+1 j=4

= 40(51n(0.92) 4 0.47)
=2.12

Test statistics D is supposed to follow x> distribution with 0.5(p —k — 1)
(p — k +2) = 14 degrees of freedom.
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X5(0.5(p =k — D)(p — k +2)) = x{ g5(14) = 23.68

As D < 23.68(x3 45(14)); hence, null hypothesis of the eigenvalues being equal is
accepted.

8.4 Canonical Correlation Analysis

Canonical correlation analysis is a procedure to find a linear combination of two
different set of variables X and Y such that their correlation is maximum. Suppose
that X isn x p; and Y is n x p, where n is the number of observations and p, < p;.
Further, suppose Z = [X Y] with variance S,. The variance S, can be partitioned
into variance of X (S), variance of Y (S,,), and covariance of X and Y (Sy,).

_ Sxx Sxy
S, = [Syx Syy:| (8.23)

where S, and S, are of size p; x p; and p; X p;. Sy, and S, are of size p; x p>
and p, X pi, respectively. Suppose that g; and b; are linear transformation vector
(with variance 1) for X and Y, respectively, which result in series U; and V; having
maximum correlation. The correlation between the U; and V; is given by

Cov(U;, Vi) _ aiTSxyb,-

Cor(U;, Vi) = =
\/Var(U,-)Var(V,-) \/aiT Sxxaib[T Syybi

(8.24)

As correlation can be negative, so the square of correlation (I") is required to be
optimized for highest value. Using the technique of Lagrange multiplier (Sect.8.1.1),
the characteristic equation of this optimization problem is written as:

IT—=X|=0 (8.25)

where I' = S, 1ST S!S, and A is Lagrange multiplier. The transformation vector

b; for transforming Y to V; is given by:
T —=ADb; =0 (8.26)
The corresponding transformation vector a; can be found as:

ST S0ybi Sy

7 (8.27)

a; =
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Example 8.4.1

Holehonnur town is situated 50 km downstream of Bhadra Reservoir. The tem-
perature in Holehonnur town is assumed to be affected by the air temperature at
Bhadra Reservoir, as it is a major water body in vicinity. Using the data provided in
Table A.3 (p. 432), calculate the canonical correlation loading vectors by consider-
ing the minimum and maximum temperature for Holehonnur town as target variable
and observed temperature at Bhadra Reservoir (both minimum and maximum) as
independent variable.

Solution Assume minimum and maximum temperature at Bhadra reservoir as X
and temperature at Holehonnur town as Y. Further, Z = [XY], and the covariance
of Z is given by:

554 —-0.11 -0.62 1.65
—0.11 295 =350 -0.45
—-0.62 —3.50 5.71 0.25

1.65 —0.45 0.25 2.94

S, =

Hence,
554 —0.11 571 0.25
Ser = [—0.11 2.95} and Sy, = [0.25 2.94}
—-0.62 —3.50
. . . . T _ _
Similarly, as the §; is symmetrical so S, = Sy, = |: 165 —0. 45].

Loading vector for Y (b;) can be found by using Eqgs. 8.25 and 8.26.

e e [074 004
F= Sy Sy S Sy = [0.04 0.18

The corresponding eigenvalues are 0.75 and 0.18. The loading vectors are given by
0.997 —-0.084

0.079 0.996 | The loading vectors for X can be calcu-

0.924 0.007i|

column of matrix B = [

lated by Eq.8.27 as column of matrix A = |:0.381 0.999

8.5 Empirical Orthogonal Function

Hydroclimatic data, apart from time-variability, also has spatial variation. PCA can
also be utilized for studying these spatio-temporal variation in hydroclimatic data.
PCA helps in understanding the contribution of each of the variables (X;) to total
variability (Sy,) (through the coefficient of loading vector). If same hydroclimatic
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variable across many locations is treated as different variables, then PCA can be used
to study the relative contribution of different locations in total variability. This spatial
analysis is known as empirical orthogonal function (EOF) analysis.

For EOF analysis, hydrological data set is collected in 3-D matrix. First two
dimensions show the grid on which the hydroclimatic variable is observed, and the
last dimension shows the time steps. Hence, data set for a hydroclimatic variable
has dimensions of p; x p, x n, where p; and p, are the number of grid points
in x and y directions, respectively, and »n is the number of time steps. First, the
data is converted to p X n matrix where p = p; X p, by rearranging all the grid
points. PCA loadings and corresponding principal components are calculated using
the procedure discussed in Sect.8.1.1. Further, the variance explained by each of
the principal component is obtained by Eq. 8.13. The loading vector obtained for ith
principal component has p loadings. If the square of loading vector is arranged in
p1 X pp matrix, it shows the relative contribution of hydroclimatic variable at a grid
point to the spatial distribution of variance of ith principal component. On the other
hand, principal components obtained in EOF analysis shows the variability across
the space.

Example 8.5.1

Average monthly sea surface temperature (SST) for 25 locations in Arabian Sea is
recorded for 2 years as given in Table A.2. Calculate the EOF loading for SST and
variance explained by individual EOFs.

Solution The monthly average sea surface temperature for 25 monitoring station
is 24 x 25 matrix (say X). Empirical orthogonal functions are calculated from the
corresponding anomaly matrix (say X,;) which is obtained by subtracting each of
the column with its mean. The mean of different columns of X represented by X is
[26.92, 27.20, 27.45, 27.60, 27.63, 27.03, 27.32, 27.63, 27.90, 28.05, 27.19, 27.46,
27.78, 28.08, 28.33, 27.39, 27.68, 27.97, 28.27, 28.50, 27.68, 27.97, 28.25, 28.50,
28.70].

The covariance matrix of the matrix X, is given by:

[[2.13 213 205 197 ... 125 1.09 094 0.797]
2.13 2.18 214 209 ... 1.17 1.02 0.88 0.72
205 214 215 212 ... 1.05 092 0.78 0.62
1.97 2.09 212 21 ... 096 085 0.72 0.56
Cov(Xy) = : : : R : : : :
1.25 1.17 1.05 09 ... 098 0.86 0.76 0.69
1.09 1.02 092 085 ... 086 0.76 0.67 0.6
094 088 0.78 0.72 ... 0776 0.67 0.59 0.54
(079 072 0.62 056 ... 069 06 054 05, .
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The first five highest eigenvalues of the covariance matrix are 31.50,2.95,0.11, 0.03,
and 0.02. All other eigenvalues are close to zero and hence are insignificant. The sum
of all eigenvalues is 34.66. The loadings for EOFs corresponding to the eigenvalues
can be obtained by using Eq. 8.11. The loading matrix thus obtained is

[0.26 0.1 0.41 022 ... -=-0.12 0.06 —0.33 0
0.25 0.22 0.17 -0.04 ... 0.05 0.02 0.22 —-0.05
0.24 0.32 -0.07 -0.21 ... 0.14 —-0.28 0.14 0.29
0.23 0.38 —-0.19 -0.12 ... 0.22 0.01 -0.12 -0.22
U= : : : oo : : : :
0.16 -0.21 -0.12 -0.25 ... 0.2 0.39 0.11 —-0.02
0.14 -0.18 —-023 -024 ... -0.08 0.01 -0.04 -0.39
0.12 -0.18 -0.29 -0.01 ... —-0.17 -=0.16 0.07 —0.08
_0.11 —-0.21 -0.29 02 ... =021 0.09 -0.19 0.07_ 25%23

Last two eigenvectors could not determined since corresponding eigenvalues are
zero. The variance explained by any EOF is the ratio of corresponding eigen value
and trace of covariance matrix (Eq. 8.13). Hence, variance explained by first EOF is
Al / > Ax100% = 90.88%, and similarly, the variance explained by the other EOFs
(2nd to 5th) is 8.51%, 0.32%, 0.08% and 0.06%, respectively. It can be observed that
the variance explained by first two EOFs is more than 99%; hence, the EOF analysis
also leads to dimensionality reduction (instead of using data from 25 locations, two
EOFs are sufficient).

8.6 Data Generation

In hydroclimatology, sometimes we need to generate data based on statistical proper-
ties of observed data. Data generation is specially needed if the observed data is less;
however, the length of observed data should be sufficient to draw inferences about its
population statistics. Data generation in general depends upon the fact that the cumu-
lative probability of any random variable is uniformly distributed between 0 and 1
irrespective of nature of probability distribution function. Data can be generated for
univariate and multivariate (with required correlation) case.

8.6.1 Univariate Data Generation

For generating the data for single variable, its probability distribution should be
known. In general the univariate data can be generated as:

(i) From the observed data set, fit a probability distribution and calculate the param-
eters of cumulative distribution function.
(i1) Generate uniformly distributed random number between 0 and 1.
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(ii1) Taking the generated random number as the value of the CDF, calculate the
value of the random variable by taking the inverse of the CDF.

For generating uniformly distributed random numbers between 0 and 1, random

number generator of the following form is used.

R; 1 =Remainder of (aR; + b)/m
Riy1

Yig) = (8.28)
where a and b are some integers and m is a very large integer (m >> a, b). The
range of random variable R; is O to m — 1, and hence, the range of ¥; isOto 1 — 1 /m.
Since m is very large, the range of Y; is effectively O to 1. Using the above expression,
a series of ¥; can be generated.

For the last step the series of Y; is equated to cumulative distribution function and
the values of the variable are generated through inverse CDF. Hence, if Fy is the
CDF for random variable X, then the value of X; given Y; is calculated as:

Y, =Fx(X;)
X; =Fx'(Yi) (8.29)

For the distributions, if the associated cumulative distribution function is not directly
invertible like normal, gamma, and other, solution of Eq. 8.29 is done numerically.

Example 8.6.1

At a location, the daily average air temperature is found to be normally distributed
with mean 15° C and standard deviation 2° C. Generate 20 new values of daily average
air temperature.

Solution The 20 random numbers between 0 and 1 (using Eq. 8.28) generated are
0.44,0.38, 0.77, 0.80, 0.19, 0.49, 0.45, 0.65, 0.71, 0.75, 0.28, 0.68, 0.66, 0.16, 0.12,
0.50, 0.96, 0.34, 0.59, and 0.22.

From normal distribution table, the corresponding standard normal variate (Z)
is —0.151, —0.305, 0.739, 0.842, —0.878, —0.0250, —0.126, 0.385, 0.553, 0.674,
—0.583,0.468, 0.412, —0.994, —1.175, 0, 1.751, —0.412, 0.228, and —0.772.

The standard normal variate can be converted into normally distributed random
variable having mean 15 and standard deviation 2 as:

Y=15+2Z
Hence, corresponding daily average air temperature (in °C) is 14.698, 14.390, 16.478,

16.684, 13.244, 14.950, 14.748, 15.770, 16.106, 16.348, 13.834, 15.936, 15.824,
13.012, 12.650, 15.000, 18.502, 14.176, 15.456, and 13.456.
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Example 8.6.2

At a location, the daily rainfall is following a mixed distribution with a probability
mass at 0. The nonzero daily rainfall is found to follow exponential distribution with
A = 1.5. Generate 15 values of nonzero daily rainfall for the location.

Solution The 15 random numbers (between O and 1) generated are 0.595, 0.262,
0.603, 0.711, 0.222, 0.117, 0.297, 0.319, 0.424, 0.508, 0.086, 0.262, 0.801, 0.029,
and 0.929.

The cumulative distribution function for exponential distribution with A = 1.5 is
given by:

Fx(x)=1—e*?*
or, x = —AIn(l — Fx(x)) = —1.5In(1 — Fx(x))

Replacing Fx (x) with the 15 generated random numbers will generate the exponen-
tially distributed random numbers, which are 1.356,0.456, 1.386, 1.862,0.377,0.187,
0.5290, 0.576, 0.8270, 1.064, 0.1350, 0.456, 2.422, 0.044, and 3.968,
respectively.

8.6.2 Multivariate Data Generation

Multivariate data may have a correlation structure associated with them. For the case
in which little or no correlation exists between the variable, the univariate data gen-
eration procedure is repeated multiple times. For multivariate data having significant
correlation among them, depending upon whether to follow normal distribution or
not, different procedures are used. It should be noted that the techniques discussed in
this section are simple and can always yield the desired results. For more generalized
approach for multivariate data generation (to conserve nonlinear association if any
using the joint distribution), the copula is used as discussed in Sect. 10.10.1.

Correlated and Normally Distributed Random Variables

In this case, the correlation matrix along with the mean and standard deviation of all
variables to be generated should be known. To conserve the correlation structure, the
theory of Principal Component Analysis is used during data generation. Suppose that
the observed multivariate data setis X having asize n x p withmean [y, pto, ..., fip]
and standard deviation [0}, 02, ..., 0,]. The matrix X can be standardized into ¥
by subtracting respective column mean and dividing by respective column standard
deviation. Suppose Z is principal component matrix of Y with transformation matrix
U and eigen values [\, A2, ..., A\,]; hence, Z = YU. Y can be calculated as zuT
as the transformation matrix is orthogonal. Further, if size of Y is n x p, then size
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of Z is n x p with ith column or ith principal component has a mean of zero and
standard deviation of );. These observations can be utilized in data generation. The
procedure of data generation for p correlated and normally distributed variables is
given below:

(i) From the observed data set, calculate the mean and standard deviation vectors
and correlation matrix.

(ii) Principal component transformation matrix (U) and corresponding eigenvalues
[A1, A2, ..., A,] are calculated from known correlation matrix.

(>iii) p different normal distributed random variables with mean 0 and standard devi-
ation )\; are generated for the length n. The matrix of these variables (Z) is
considered principal components as they are uncorrelated.

(iv) The standardized variable matrix Y is calculated from Z and U.

Yy =2zUT (8.30)

(v) The standardized variable Y can be transformed into the X by multiplying ith
column with the corresponding standard deviation and adding the column mean.

As the linear transformation does not change the correlation structure, the above
procedure provides the multivariate normally distributed data with required mean,
standard deviation, and correlation structure.

Correlated and Non-normal Random Variables

Correlated non-normal data can be generated by generating the normally distributed
data and transforming it to other distribution. The procedure of data generation is
explained below:

(i) From the observed data, fit an appropriate distribution.
(ii) Calculate the correlation matrix from the observed data.
(ii1) Using the procedure discussed in the last section, the correlated standard normal
multivariate data set is obtained.
(iv) The data set so obtained is converted to the cumulative probability using the
standard normal distribution.
(v) The cumulative probability is back-transformed into the multivariate data set
using the known probability distribution of observed data.

It should be noted that if the last step of transformation is nonlinear, the correlation
structure may change in generated data set.
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Example 8.6.3
From a historical records of daily precipitation anomaly, precipitable water anomaly
and pressure anomaly, the following correlation structure is obtained.

1 0776 0.623
Cor(X)=|0776 1  0.637
0.623 0.637 1

Assuming that all of three variables are distributed normally with mean 0 and standard
deviation 1, generate the anomaly data set for 12 months in such a way that the
correlation structure is preserved.

Solution Considering the steps of normally distributed multivariate data set gener-
ation with defined correlation structure, calculation is done in the following steps:

Step 1 Calculation of correlation structure
According to the example, the correlation matrix is given by

1 0776 0.623
Cor(X)=|0.776 1  0.637
0.623 0.637 1

Step 2 Calculation of principal component loadings
Corresponding to correlation matrix Cor(X), the eigenvalues and principal
component loading matrix are calculated using the methodology of Exam-
ple 8.1.2. The eigenvalues for the correlation matrix is

A =1[2.360,0.417, 0.223]
Correspondingly, the loading matrix is

0.590 —-0.416 —0.692
U=1]0593 —-0358 0.721
0.548 0.836 —0.036

Step 3 Generation of random principal components with required mean and standard
deviation.
For generating the normally distributed variable anomaly, first three principal
components (normally distributed) are generated with mean O and variance
A. Using the procedure discussed in Example 8.6.1 the following set of prin-
cipal components are generated.
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[—1.08 0.57

026 0.54 —0.09
—0.99 —0.4
1.85  1.18
242 —1.22

S _| 18 —014 001

T 118 —0.12 —0.01

1.68 —0.38 —0.98
—0.75 —0.34
0.64 0.57

022 —0.51 —0.24

| 242 024 —0.01

0.94
-0.3
0.41

0.48
0.05

—0.24 ]
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Step 4 Calculate the values following standard normal distribution with the correla-

tion matrix (CorX) (Eq. 8.30)

[—0.71
—0.01
~1.07
0.81
~1.2
1.14
0.75
1.83
~0.63
0.11
0.51

| —1.52

Hence, Y = ZUT =

—1.02
—0.1
0.23
0.46
—0.7
1.13
0.74
0.43
0.02
0.21
0.14
—1.53

—0.11
0.6
—-0.91
2.01
—2.36
0.89
0.55
0.64
-0.71
0.83
—-0.3
—1.13

Step 5 Transform Y by multiplying with standard deviation and mean to each of the

column.

As variables are already standardized (has a mean 0 and standard deviation
1), so no transformation is required. Hence, Y is the required generated data

set.

Example 8.6.4

In the last example, assume the standardized precipitable water and standardized
pressure for a season are the following exponential distribution with A = 2 and
A = 0.6, respectively. Generate the data set preserving the correlation structure.

Solution From Example 8.6.3
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[—0.71 —1.02 —0.11]
001 —0.1 06
~1.07 023 —091
0.81 046 2.01
~12  —07 —2.36
.14 113 0.89
075  0.74  0.55
1.83 043  0.64
—0.63  0.02 —0.71
0.11 021 0.83
051 0.4 —03
| —1.52 —1.53 —1.13

The corresponding normal distribution cumulative probability is

[0.24 0.15 0.46 ]
0.50 0.46 0.72
0.14 0.59 0.18
0.79 0.68 0.98
0.11 0.24 0.01
0.87 0.87 0.81
0.77 0.77 0.71
0.97 0.66 0.74
0.26 0.51 0.24
0.54 058 0.8
0.69 0.56 0.38

| 0.06 0.06 0.13

F(Y) =

The second and third columns of F(Y) (corresponding to standardized precip-
itable water and standardized pressure) can be transformed back using the inverse
function of their cumulative distribution function as done in Example 8.6.2. Hence,
the generated data is
[ —0.71 0.33 0.37 ]

—-0.01 1.23 0.76
—1.07 1.78 0.12

0.81 2.28 2.35

—1.2 0.55 0.01

1.14 4.08 1.00

0.75 2.94 0.74

1.83 2.16 0.81

—0.63 1.43 0.16

0.11 1.74 0.97

0.51 1.64 0.29
| —1.52 0.12 0.08
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8.7 Analysis of Variance in Hydrology
and Hydroclimatology

Analysis of variance (ANOVA) is a statistical procedure to check the significance of
variance in different samples of same population, and thus, check the null hypoth-
esis that mean of all samples is equal. ANOVA is also used to study the spatial
homogeneity of hydroclimatic data. Under ANOVA, the variance is partitioned into
a number of sources/factors. Depending upon the number of sources of variance
(referred as attributes), apart from the system error (experimental or measurement
errors), one-way ANOVA or two-way ANOVA is used.

8.7.1 One-Way Analysis of Variance

One-way ANOVA is used when apart from system error, only a single factor/attribute
contributes to the variance. Due to this attribute, the sample mean differs from popu-
lation mean. The sample mean can be written as sum of population mean and effect
of attribute.

%= pt+ o (8.31)

where X; is sample mean of ith sample, y is the mean of all the samples or population
mean and q; is effect of attribute on the sample mean. In one-way ANOVA, the null
hypothesis is that all the sample means are equal to population mean.

HyFi=T= =% =4
or, Hy: a; =0 foralli € {1,2,...,a} (8.32)
where o; =x; —pfori =1,2,...,a.

Correspondingly, the alternative hypothesis states that at least one sample mean
is not equal to the population mean.

Hy:0; #0 for at least one value of i (8.33)

Null hypothesis can only be true if all the variability is primarily contributed due to
chance or random error. Hence, the variance in the data set needs to be separated into
variance due to attribute and variance due to random error. Ratio of mean variance
contribution from these two categories is the test statistic for testing null hypothesis.
Using Eq. 8.31, an observation from i th sample can be expressed as sum of population
mean, attribute effect, and the random error.

Xij =X +ejj=p+o; + e (8.34)
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where ¢;; is the random error associated with the element x;;. This equation can be
written in terms of deviation from sample or population mean as:

Xij — B =0 + e
or, (xijj — p) = (X; — p) + (xij — X;) (8.35)

If different samples are available and ith sample contains n; observations, then the
total sum of squares (sum of squared deviation of all observations from the popula-
tion mean) is obtained by squaring both sides and taking the summation for all the
observations.

Y =YY@ -+ Y e —F (836)
i=1 j=1 i=1 j=1 i=1 j=1
SST =SSA + SSE (8.37)

where a is the number of different attributes/samples, n; is the number of elements
in ith sample, SSA shows the variance contributed by attribute, and SSE shows
the variance due to random error. Hence, Eq. 8.37 shows that the total variance is
partitioned into variance due to attribute and random errors. Degrees of freedom
for each term can be evaluated as follows. While calculating SSA one mean, x is
computed from all SSA attributes (total a). So, one degree of freedom is lost. Hence,
degrees of freedom for SSA is a — 1. Similarly, if total number of observations is N,
then degrees of freedom for SSE and SST are N — a and N — 1, respectively. Using
these degrees of freedom, the mean square error and attribute can be calculated.

MSE:SS—E MSA = SSA
N —a a—1

(8.38)

The test statistics in one-way ANOVA is given by the ratio of MSA and MSE.

_ MSA

=— 8.39
MSE (8:39)

A large value of test statistics (F) indicates the effect of attribute is prominent as
compared to the effect of the random error over total variance, and thus, all the sample
means are not equal. The test statistics follows F-distribution with (¢ — 1) and (N —a)
degrees of freedom. Hence, the null hypothesis is rejected if F > F,(a — 1, N — a)
at v level of significance. Details of the one-way ANOVA is summarized in Table 8.1.
Sum of square can be obtained using the following equations also.

SST = Z ix,.?j -C (8.40)

i=1 j=1



282

Table 8.1 A typical one-way ANOVA table

8 Multivariate Analysis

Source of Degree of Sum of squares | Mean square F
variation freedom
Attribute a—1 SSA MSA MSA /\isE
Error N —a SSE MSE
Total N -1 SST
a T-2
SSA = - -C 8.41
Z p (8.41)
i=1
SSE =SST — SSA (8.42)
p 2
i=1
cC=""~_ 8.43
N (8.43)
n;
where 7; represents the sum of observations in ith sample { 7; = ) x;; | and C is
j=1

called correction term for the mean.

Example 8.7.1

For three different locations, the following average monthly meridional wind speed
(in m/s) was recorded for a year (Table 8.2).

Test at 0.05 level of significance whether the difference among the means is
significant or not.

Solution In this dataset, the location is the only source of variation; hence, it can be
termed as the attribute for ANOVA analysis. Denoting x; (i = 1, 2, 3) as the wind
speed variable from ith location, u as overall mean and o;; =%; —

Null Hypothesis: Means do not differ significantly. o; = 0 fori € {1, 2, 3}
Alternative Hypothesis: «; # 0 for at least one value of i.
Level of Significance: o = 5%

Table 8.2 Monthly meridional wind speed (in m/s)

Location Months

1 2 3 4 5 6 7 8 9 10 11 12
1 221 10.62 |2.03 0.8 /0.84 |1.52 1057 |1.39 |23 |1.78 |2.17 |1.72
2 0.87 |1.65 |0.74 3.52(2.27 |2.15 |1.33 |1.87 [1.93 |2.48 |1.44 |1.03
3 1.89 [3.03 |1.85 |—0.29/0.68 |2.76 |1.03 |0.88 |[1.03 |2.49 0.88 |1.17
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Different quantities of one-way ANOVA table can be calculated using Eq.8.37.
Let X, X, and X3 represent average monthly meridional wind speed. Further, the
individual value for jth month for ith location is denoted by x; ;.

3 12
DIDIE N

i=1j=1

—— =1.573
12x 3

Overall mean(u) =

Mean of monthly meridional wind at different locations are given by:
12
2 %1

= 1496 m/s

Ra

Similarly, x, = 1.773 m/s and X3 = 1.450 m/s.

312

SST= )" (xi; — )’ =22.393

i=1 j=1

3
SSA=12) (% — p)* =0.734

i=1
3 12
SSE= )" (xi; —%)* =21.659
i=1 j=1

The degrees of freedom for SST, SSA, and SSE are 36 — 1 = 35,3 — 1 = 2, and
36 — 3 = 33, respectively. Hence,

A 734
MSA = 504 _ 0734 _ 267
2 2
E 21.

MSE = SSE _ 21659 _ 0.656
33 33

MSA  0.367
" MSE  0.656 0.559

The one-way ANOVA table shown in Table 8.3.
The test statistics for ANOVA analysis (F) follows F-distribution with (a — 1)
and (N — a) degrees of freedom.

F,((a—1), (N —a)) = Fpos5(2,33) =3.285



284 8 Multivariate Analysis

Table 8.3 One-way ANOVA table for Example 8.7.1

Source of Degree of freedom | Sum of squares Mean square F
variation

Attribute 2 0.734 0.367 0.559
Error 33 21.659 0.656

Total 35 22.393

As 0.559 < 3.285 (Fo.05 (2, 33)); hence, null hypothesis cannot be rejected; i.e.,
the mean of monthly meridional wind speed does not differ across the locations at
5% significance level.

Example 8.7.2

The average annual sea surface temperature is recorded for four locations and is given
in Table 8.4. Test at 1% significance level whether the mean sea surface temperature
differs across the locations.

Solution Different locations are the only source of variance in sea surface tem-
perature; hence, they can be considered as the attribute for the ANOVA analysis.
Denoting x; (i = 1,2, 3, 4) as the annual sea surface temperature from ith location,
1 as overall mean and o; =x; —

Null Hypothesis: Means do not differ significantly across the locations, i.e., o; = 0
fori € {1,2,3,4}

Alternative Hypothesis: a; # 0 for at least one value of i.

Level of Significance: o = 1%

Let X, X», X3 and X4 represent average annual sea surface temperature at locations
1,2, 3, and 4, respectively. Further, the individual value for year 2005 at ith location
is denoted by x; | and value for year 2010 is denoted by x; ¢. Different quantities of
one-way ANOVA table can be calculated using Eqs. 8.40-8.43.

6
T =) xi;=129.95
j=1

Table 8.4 Sea surface temperature for 6 years

Location Year

2005 2006 2007 2008 2009 2010
A 20.39 19.84 20.48 20.56 25.51 23.17
B 31.57 30.52 25.64 25.97 28.53 22.68
C 27.94 26.71 24.94 28.47 26.20 23.97
D 23.45 18.68 20.65 24.19 26.57 24.67
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Similarly, 7, = 164.91, T3 = 158.23 and 7, = 138.21

a=4 2
(£1) :
et _ (129.95 + 164.91 + 158.23 + 138.21)
N - 4x6

= 14568.15

C =

SST=) "> x7; — C = 14840.07 — 14568.15 = 271.92
i=1 j=I

)
SSA = Z —L —C =14703.51 — 14568.15 = 135.35

n:
i=1 !

SSE = SST — SSA = 271.92 — 135.35 = 136.57
The MSE and MSA can be calculated by dividing SSE and SSA with their respective

degrees of freedom. The degrees of freedom for SSA and SSE are (¢ — 1) = 3 and
(N —a) =24 — 4 = 20. Hence,

MSA — SSA _ 135.52 4517

a—1
SSE 136.57

MSE = = =6.83
N —a 20
MSA  45.17

=——=——=06.61

MSE 6.83

Summarizing this, one-way ANOVA is shown in Table 8.5:
The test statistics F is supposed to follow F-distribution with (a — 1) and (N —a),

i.e., 3 and 20 degrees of freedom.

Fola—1,N —a) = Foon(3,20) =4.94

Table 8.5 One-way ANOVA table for Solution8.7.2

Source of variation | Degree of freedom | Sum of squares Mean square F
Attribute 3 135.35 45.17 6.61
Error 20 136.57 6.61

Total 23 271.92
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As 6.61 > 4.94 (Fo.01)(3, 20)); hence, null hypothesis must be rejected at 1% level
of significance; i.e., sea surface temperature at different locations is different.

8.7.2 Two-Way Analysis of Variance

Two-way ANOVA is used when apart from random error (white noise), two other
factors, called as the attribute-1 and attribute-2, also contribute to the variance. Under
this condition, the sample mean for ith attribute-1 and jth attribute-2 is given by:

%o=p+a+ 05 (8.44)

where X; is sample mean of ith sample, u is the mean of all the samples or population
mean, o; and 3; are the effects of ith component of attribute-1 and jth component
of attribute-2 on sample mean. In two-way ANOVA, the null hypothesis is that the
effects across the different components of each attribute are same. Thus,

Hy:a;=0and8; =0 foralli € {1,2,...,a}and j € {1,2,...,b}
(8.45)

where a and b are the number of components of attribute-1 and attribute-2, respec-
tively. Correspondingly, the alternative hypothesis states that at least one sample
mean is not equal to population mean.

H, : Null hypothesis is not true (8.46)
Null hypothesis can only be true if all the variability is primarily contributed due to
chance or random error. Hence, the variance in the data set needs to be separated into

variance due to components of attribute-1 and attribute-2 and random error. Using
Eq. 8.44 an observation from ith sample is expressed as:

Xij =X; teij = p+a; + [ + e (8.47)

where e;; show the random error associated with the element x;;. Using the above
equation, the total variance can be expressed as:
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Table 8.6 A typical two-way ANOVA table
Source of Degree of Sum of squares | Mean square F
variation freedom
Attribute-1 a—1 SSA; MSA, MSA, /MSE
Attribute-2 b—1 SSA, MSA; MSA; / MSE
Error (a—1)(B-1) |SSE MSE
Total N -1 SST
a b a b
Do =P =bY) @ -0 ay {1’
i=1 j=1 i=1 j=1
a b
+Y > iy - =X +0)? (8.48)
i=1 j=1
SST = SSA, + SSA; + SSE (8.49)

where X is overall mean, X; is mean of all the observations for ith component of
attribute-1, x; is the mean of all the observations for jth component of attribute-
2, a is the number of components in attribute-1 and b is number of components
in attribute-2. SSA;| and SSA, represents variance contributed due to the effect of
attribute-1 and attribute-2, respectively. The degrees of freedom for SSA;, SSA; and
SSE are (a — 1), (b — 1) and (a — 1)(b — 1), respectively. The degrees of freedom
for SST are ab — 1. Using the degrees of freedom, the mean of SSA;, SSA, and SSE
(i.e., MSA|, MSA, and MSE) is calculated. The test statistics for two-way ANOVA
is defined by:

MSA
=L (8.50)
MSE
MSA,
Py = 8.51
2= VSE ( )

F follows F-distribution with (a—1) and (a—1)(b—1) degrees of freedom. Similarly,
F, follows F-distribution with (b — 1) and (a — 1)(b — 1) degrees of freedom. Null
hypothesis of no significant difference in mean cannot be rejected at « significance
levelif Fi > F,((a—1),(a— 1)((b—1) and F, > F,(b—1),(a— 1) —1)).
Details of two-way ANOVA are summarized in Table 8.6.

Different partitions of variance can be calculated using the following relationships
also.

b
SST:Xa:Zx,?j—C

i=1 j=I

(8.52)



288 8 Multivariate Analysis

|
SSAI = ; T2 - C (8.53)
1 b
SSA, == Y1 -cC (8.54)
Jj=1
SSE =SST — SS(Tr) — SSB (8.55)
a b 2
£ ne
c=""'"=" 7 (8.56)
ab

where T;, and 7, ; represent the sum of observations for i th component of attribute-1
and sum of observations for jth component of attribute-2, respectively, and C is
called correction term for the observation mean.

Example 8.7.3

It is required to analyze the effect of global circulation models (GCMs) and hydro-
logical models (HMs) on the variation of peak flow at the outlet of a study basin. The
following table shows the magnitude of peak flow (Mm?) at the outlet for different
GCM and HM combinations.

Global Circulation Models (GCMs) Hydrological Model (HM)
HM-1 HM-2 HM-3

GCM-1 450 435 515
GCM-2 480 461 525
GCM-3 495 505 537
GCM-4 435 372 497

Check whether that the mean of peak streamflow differs either due to GCM or
HM selected at 1% level of significance.

Solution There are two sources of variances, one being GCM and other being HM.
Different types of GCMs and different HMs can be considered as first and second
attribute. Hence, a = 4 and b = 3.

Null Hypothesis: Mean of peak streamflow does not differ significantly due to
GCM or HM selected. a; = 0 fori € {1,2,3,4} and 8; =0 for j € {1, 2, 3}
Alternative Hypothesis: Null hypothesis is not true

Level of Significance: o = 1%

Different test statistics for two-way ANOVA can be calculated using Egs. 8.52—-8.56.

T, = (450 + 435 + 515) = 1400



8.7 Analysis of Variance in Hydrology and Hydroclimatology 289

Similarly, T, = 1466, Ts, = 1537, Tysa = 1304, T,; = 1860, T, = 1773 and
T.; = 2074

2
)C,'j)
i=1 j=1
=" J o 9714154.08
ab

a b
(ZZ
C

a b
SST=) "> "}, — C =24378.92
i=1 j=1

1< 8171941
SSA, = A Z T2 - C = — - 2714154.08 = 9826.25
i=1

b
1 10904605

SSA; = - E T,2j — C = ——— —2714154.08 = 11997.17
a3 4

SSE = SST — SSA; — SSA; = 2555.5

The mean square sum (MSA |, MSA; and MSE) can be calculated by dividing respec-
tive sum of squares (SSA|, SSA,, and SSE) with their respective degrees of freedom.
The degrees of freedom for SSA|, SSA;,and SSEare (@ —1) =3, (b—1) =2, and
(a — 1)(b — 1) = 6, respectively. Hence,

SSA;  9826.25

MSA, = = 3275.42
a—1
SSA,  11997.17
MSA, = 22 — — 5998.58
bh—1 2
SSE 2555.5
MSE = = — 425.92
(a—1Db-1 6
MSA,  3275.42
= = =7.69
MSE _ 425.92
MSA. .
_ MSA, 599858 o

27 MSE ~ 425.92

All these values are summarized in the following two-way ANOVA table.
The test statistics F; is supposed to follow F-distribution with (¢ — 1) and
(a—1)(b—1),1i.e., 3 and 6 degrees of freedoms.

Fo((@—1), (@ — 1D - 1) = Foo(3,6) =9.78
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Source of variation Degree of freedom Sum of squares Mean squares F
Ist Attribute 3 9826.25 327542  7.69
2nd Attribute 2 11997.17 5998.58 14.08
Error 6 2555.5 425.92

Total 11 24378.92

The test statistics F; is supposed to follow F-distribution with (b — 1) and (a — 1)
(b — 1), 1.e.,2 and 6 degrees of freedoms.

Fo((b—1),(a—1)(b —-1)) = Fpo(2,6) = 10.92
Since F; < 9.78, it indicates that there is no significant difference between GCMs.

However, F, > 10.92, it indicates that there is significant difference between hydro-
logic variables at 1% significance level.

8.7.3 Multiple Comparisons

The ANOVA discussed in last section checks the significance of null hypothesis that
sample mean does not differ from population mean; however, it does not provide
any information about the sample whose mean differs significantly. Many a time
in hydroclimatology, the investigator needs to investigate spatial inhomogeneity and
find the location that has mean significantly different from overall mean. Significance
of difference in mean for data from two locations can be tested using t test. For
‘k’ different locations or k different variables, the difference in mean needs to be
tested for all possible pairs. Hence, a total of *C, = k(k — 1) / 2 two sample t
tests are required, which is very large number, even if k is relatively small. Other
issues for these tests will be to ensure the independence between the tests and to
assign an overall significance level. For overcoming these difficulties, many multiple
comparison procedures have been proposed. One of popular method for multiple test
is Boneferroni method. In this method, level of significance is equally distributed
between all the t tests; hence, each t test is conducted at 2« / k(k — 1) level of
significance.

8.8 MATLAB Examples

Examples solved in this chapter can also be solved using MATLAB scripts. Following
built-in function is helpful in this regard:

e Principal components can be calculated using ‘pca’ in-built function.
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— [loadings,pc,eigen_val]l= pca(data)

This function can be used for calculating the principal component loading matrix,
principal component, and eigenvalues of covariance matrix. It should be noted that
this function calculate the principal components using covariance of anomaly of
‘data’ matrix. For calculating the principal components from correlation matrix,
the input matrix (‘data’) should be standardized (mean is subtracted from every
column and followed by division with column standard deviation), as done in
example script given in Box 8.1. Different inputs and outputs of the function are
explained as the following:

data: n x p matrix of n observations and p variables.

loading: p x p loading matrix for principal components.

pc: Principal component matrix of size n x p.

eigen_val: Eigenvalues of covariance matrix corresponding to p principal
components.

e The random numbers following different distributions can be generated using
different in-built functions. Some of these functions are discussed as follows:

- X = rand(Szl,Sz2,...,S5zn)
The function generates uniformly distributed random number between O and 1.
The output matrix X is of size Sz1 x Sz2 x --- x Szn. It should be noted that
for command X = rand (n), the output X will be n x n matrix.

— X = randi(Szl,Sz2,...,Szn)
The function generates uniformly distributed random number greater than 1.
- X = randn(Szl,Sz2,...,S5zn)

The function generates normally distributed random number with mean 0 and
standard deviation 1.

— rng (seed)
The function initializes the function rand, randi and randn with a non-
negative number as seed.

— X = normrnd (mu, sigma, [Szl,Sz2,...,Szn])
This function generate normally distributed random number matrix X with mean
mu and sigma. The mean (mu) and standard deviation (sigma) can be vector

also.

- X = exprnd(mu, [Szl,Sz2,...,Szn])
This function generate exponentially distributed random number matrix X with
mean mu.

— X = gamrnd(A,B, [Szl1l,Sz2,...,Szn])

This function generate gamma-distributed random number matrix X with a =
Aand g =B.

e One-way or two-way ANOVA analysis can be done using anoval and anova?2
functions. These functions also generate standard ANOVA tables and return the
p-value of the tests.

For instance, Examples 8.1.1, 8.1.2 and 8.3.1 can be solved using the MATLAB script
in Box8.1.
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Box 8.1 Sample MATLAB script for solving Example 8.1.1 and associated examples

-

clear; clc; close all;

output_file=[’'output’ filesep () ’'code_1_result.txt’
1

load ([ "data’ filesep () ’‘umb_diff_var.mat’']);

cov_data=cov (data) ;
[cov_loading, cov_PC,cov_eig_vall=pca (data) ;
variance_explain_cov_pc=cov_eig_val./sum (cov_eig_val

) §

std_data=(data-mean (data)) ./std (data) ; corr_data=covV (
std_data) ;

[corr_loading, corr_PC,corr_eig_vall=pca(std_data) ;

variance_explain_corr_pc=corr_eig_val./sum (
corr_eig_val) ;

Y=data(:,1) ';X=data(:,2:end) ’;
[spca_eigen_vec ,h spc, spca_eigen_val]l=SPCA(X,Y);

$Display results
delete (output_file); diary (output_file); diary on;
disp ('Covariance Matrix of the data’);

disp (cov_data)

disp ('Correlation Matrix of the data’);

disp (corr_data)

disp ('loading matrix for PC obtained from covariance
matrix’) ;

disp (cov_loading)

disp ('Variance explained by PC obtained from
covariance matrix’) ;

disp (variance_explain_cov_pc ')

disp ('loading matrix for PC obtained from
correlation matrix’) ;

disp (corr_loading)

disp ('Variance explained by PC obtained from
correlation matrix’) ;

disp (variance_explain_corr_pc ')

disp (' SPC loading considering precipitation as
dependent variable'’);

disp (spca_eigen_vec ') ; disp (' SPC Values') ;

spc_val_text=[];

for i=1:length (spc)
spc_val_text=sprintf ('%$s %$3.2f, ',spc_val_text,

spc (i) );
if mod(i,6)==
spc_val_text=sprintf ('$s\n’, spc_val_text) ;

end

end

disp (spc_val_text); diary off;
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It should be noted that the provided code calls a user-defined function ‘SPCA’. This

function is defined in a function M-file, and it should be placed in the same directory.
The ‘SPCA’ function definition is provided in Box 8.2

Box 8.2 MATLAB function for calculating SPCA

i | function [spca_eigen_vec, spc, spca_eigen_val]l=SPCA (X,
Y)

spca_eigen_vec=[]; spca_eigen_val=[]; spc=I[]; %#ok<
NASGU >

)

4 | 8% Data validation

6 | % X should be p#*n matrix

7| % where p 1is number of independent variables, n 1is
number of observations

8

9 | $ Y should be 1#*n matrix

0 | 8 where 1 is number of dependent variables, n 1is

number of observations

2 | num_observations=max (size (X)) ;
3 | num_dependent_var=size (Y,1) ;
14| $%%% Data Check Complete

6 | % SPCA Part starts

7 | H=eye (num_observations) - (ones (num_observations ,h 1) *
ones (num_observations ,1) ') /num_observations;

18 | L=Y'"*Y;

19 | Q=X*H*L*H*X "' ;

w0 | [eig_vec, eig_vall=eig (Q);

» | $pick up top 1 eigen vector as SPCA coefficient
3 | eig_vec=real (eig_vec) ;

% | [eig_val_sorted,previous_eig_loc]=sort (diag (real (
eig_val)), 'descend’) ;

25

% | spca_eigen_vec=eig_vec (:,previous_eig_1loc) ;

27 | spca_eigen_val=eig_val_sorted (l:num_dependent_var) ;

» | spca_eigen_vec=spca_eigen_vec (:,l:num_dependent_var)
H

30 | for i=1:num_dependent_var

31 if corr ((spca_eigen_vec (:,1) "*X)"’',Y(i,:)")<0
32 spca_eigen_vec (:,1)=-spca_eigen_vec (:,1);
33 end

1 | end

35

% | spc=spca_eigen_vec ' *X;

37 | $9%%98SPCA part ends

33 | end
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The results for the script given in Box 8.1 are provided in Box 8.3. The results obtained
match with the Example8.1.1, 8.1.2 and 8.3.1.

Box 8.3 Results for Box 8.1

I | Covariance Matrix of the data
2 # Not shown as it is 9*9 matrix

4 | Correlation Matrix of the data
5 # Not shown as it is 9*9 matrix

7 | loading matrix for PC obtained from covariance
matrix

8 # Not shown as it is 9*9 matrix

10 | Variance explained by PC obtained from covariance
matrix
11 0.9542 0.0002

0.0000

0.0000
0.0000

0.0015
0.0000

0.0440
0.0000

3 | loading matrix for PC obtained from correlation
matrix
14 # Not shown as it is 9*9 matrix

16 | Variance explained by PC obtained from correlation

matrix
17 0.5710 0.2727 0.1064 0.0336 0.0121
0.0036 0.0005 0.0001 0.0000
18
19 | SPC loading considering precipitation as dependent
variable
20 -0.0148 0.4080 -0.0987 -0.0213 0.1351
-0.8963 0.0400 -0.0037
21
» | SPC Values
23 -807.04, -798.28, -786.16, -758.74, -731.69,
-692.21,
24 -691.27, -701.56, -737 .46, -778.75, -805.80,
-803.13,
25 -810.25, -802.53, -787.62, -758.28, -723.20,
-688.51,
26 -694.76, -694.19, -734.85, -780.34, -795.36,
-820.96,
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Similarly, Example 8.5.1 can be solved using MATLAB script provided in Box 8.4.

Box 8.4 Sample MATLAB script for solving Example 8.5.1

e
clear ; clc; close all;

load ([ "data’ filesep () ’‘arabian_sea_sst.mat’]);

cov_data=cov (data) ;
[loading , eof_score,eig_vall=pca(data) ;
variance_explained=eig_val./sum(eig_val) ;

$¢Display results

output_file=[’'output’ filesep () ’‘code_2_result.txt’
1

delete (output_file); diary (output_file); diary on;

disp (' Covariance Matrix for data’);

disp (cov_data)

disp ('Loading matrix for EOF');

disp (loading)

disp ('Variance explained by EOF'’) ;

disp (variance_explained ') ;

diary off;

-

The results for the script given in Box 8.4 are given in Box 8.5. The results match

with the Example 8.5.1.

Box 8.5 Results for Box 8.4

~
Covariance Matrix for data

# Not Shown as it is 25*%*25 matrix

1

2

4 Loading matrix for EOF

5 # Not Shown as it is 25*%*25 matrix

7 Variance explained by EOF

9 0.9089 0.0852 0.0034 0.0012 0.0007 0.0002
0.0001 0.0001 0.0001 0.0000 0.0000 0.0000
0.0000 0.0000

10 # Not shown as all other are zero
-

_

For solving Example8.7.2, the sample MATLAB script is provided in Box 8.6. It
should be noted that this example script does not use the built-in function to calculate

one-way ANOVA rather shows the steps for calculations.
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Box 8.6 Sample MATLAB script for solving Example 8.7.2

~

1 clec; clear; close all;

2 alpha=0.01;

3

4 data=[20.39,19.84,20.48,20.56,25.51,23.17; ...

5 31.57,30.52,25.64,25.97,28.53,22.68; ...

6 27.94,26.71,24.94,28.47,26.20,23.97;...

7 23.45,18.68,20.65,24.19,26.57,24.67];

8

9 T=sum (data,2) ;

10 | C=sum (T) *“2/numel (data) ;

11 SST=sum (data(:) ."2) -C;

12 SS_Tr=sum (T."2/size (data,2))-C;

13 SSE=SST-SS_Tr;

14

15 | MSE=SSE/20;

16 | MS_Tr=S8SS_Tr/3;

17

18 F=MS_Tr /MSE;

19

20 %$%% Display the results

21 output_file=["'output’ filesep () ’'code_3_result.txt’'];

22 delete (output_file) ; diary (output_file); diary on;

23 fprintf (' The test statistic (F) is %2.2f.\n’,F);

24 fprintf ('The critical value of test statistic is %1.3f.\n’,...

25 finv(l-alpha,3,20))

26 if F > finv(l-alpha,b3,20)

27 info=sprintf ('%2.2f > %1.3f, so the null hypothesis is
rejected’, .

28 F, finv(l-alpha,3,20));

29 else

30 info=sprintf ('%2.2f < %1.3f, so the null hypothesis is
accepted’, .

31 F, finv(l-alpha,3,20));

32 end

33 fprintf ('%s at %0.2f level of significance.\n’,info ,alpha);

34 diary off

- J

The output of the code in Box 8.6 is provided in the Box 8.7. The decision for rejecting
the null hypothesis matches with the Example 8.7.2.

Box 8.7 Results for Box 8.6

1 The test statistic (F) is 6.61.

2 | The critical value of test statistic is 4.938.

3 6.61 > 4.938, so the null hypothesis 1is rejected at 0.01 level of
significance.

Exercise

8.1 For Upper Mahanadi Basin, the mean monthly rainfall, air temperature, precip-
itable water, pressure, geo-potential height at 925 mb and wind speed at 925 mb are
presented for the year 1971 in Table 8.7.
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Table 8.7 Monthly average data for upper Mahanadi basin

Month | Precipitation | Air Precipitable | Pressure (mb) | Geo-potential | Wind
(mm) Temperature | water (kg/mz) height (m) speed
°C) (m/s)
1 9.51 20.1 18.65 962.88 788.11 33.98
2 15.42 22.61 17.81 960.73 770.48 27.96
3 8.72 26.52 14.9 961.25 778.71 22.81
4 29.55 31.5 24.61 955.72 731.13 17.91
5 36.77 33.25 29.84 953.51 712.47 12.12
6 375.43 26.94 50.06 950.38 678.67 11.82
7 331.02 24.52 52.71 950.7 681.07 13.80
8 312.48 23.84 50.57 952.33 695.3 13.32
9 103.19 239 44.11 955.3 722.38 9.26
10 104.47 2243 38.7 959.04 755.85 221
11 0.54 20.06 15.81 964.97 806.14 22.69
12 0.00 19.11 11.15 964 797.28 23.47

Calculate the principal components for the data set. How many principal compo-
nents are enough for explaining 90% of total variance of the data set?
first principal component explains 97% of variability.)

(Ans. The

8.2 In Bay of Bengal, the sea surface temperature, zonal and meridional wind speed,

pressure and specific humidity are monitored for 3 years as presented in Table 8.8.
Calculate the loading matrix for principal components (calculated using correla-

tion matrix of data) and variance explained by them.

Ans.

0.4582
0.3762
0.3807
0.3805
0.0676
0.4851
0.3449

0.1203
0.2086
—0.2796
—0.3416
0.7823
0.0447
0.3649

0.3245  0.0239 —0.0437
0.5513  0.4130 -0.1914
—0.2631  0.3371  0.7498
0.0830  0.7577 —0.1660
—0.4804  0.3693 —0.0206
—0.1705 —0.0093 —0.1052
0.5048 —0.0671  0.6001

0.7108 —0.4032 ]
—0.5511  0.0070
—0.1187 —0.1330
03217 0.1627
0.0519 —0.1144
02175  0.8217
0.1531  0.3241 |

Variance explained by principal components in order is 56.12, 16.71, 12.51,

6.58,5.67, 1.57, and 0.79%.

8.3 With respect to data presented in Exercise 8.2, check that whether the last three
principal components do not explain same amount of variance. (Ans. The last three
principal components statistically explain same amount of variance.)

8.4 With respect to data presented in Exercise 8.2, considering the sea surface tem-
perature as dependent variable and all other as independent variables, calculate the

loading vector for supervised principal component in the data set.

loadings are 0.040, 0.995, —0.022, —0.003, 0.074, and —0.041.)

(Ans. The SPC



298 8 Multivariate Analysis

Table 8.8 Monthly average sea surface temperature and other hydroclimatic variables

Month | Sea surface | Air Rainfall | Zonal Meridional | Pressure | Specific
temperature | temperature | (mm) wind wind speed | (mb) humidity
e (W(©)] speed (m/s) (Kg/m3)
(m/s)

1 21.15 25.67 9.72 3.05 | —-0.37 951.46 | 13.08
2 21.66 27.59 0.65 345 | —0.05 95249 | 17.53
3 21.89 28.32 8.68 3.02 | —0.47 95389 |17.6
4 22.68 30.15 0.26 —0.53 0.21 955.89 |16.54
5 24.65 28.86 7.95 0.03 | —1.48 960.02 | 11.17
6 24.59 30.89 278.70 -2.13 | —1.99 964.55 7.71
7 26.04 31.76 229.60 —-1.63 | —0.47 965.82 5.66
8 25.32 33.32 239.60 022 | —0.26 963.47 3.54
9 25.16 30.03 206.63 1.62 | —1.55 962.94 3.02
10 23.08 28.35 7.70 052 | —0.74 960.40 5.37
11 22.50 25.54 0.12 240 | —2.79 957.02 3.81
12 21.20 24.11 16.17 091 | =231 952.43 6.81
13 22.12 29.08 9.93 3.64 | —033 951.99 | 13.35
14 23.05 29.31 0.00 285 | —0.20 953.16 | 17.55
15 23.12 30.89 58.92 271 | —1.84 952.71 17.63
16 24.15 28.95 0.10 2.19 | —1.17 956.59 | 15.82
17 25.65 35.60 591 —-1.25 | -2.20 960.64 | 11.37
18 27.54 33.51 71.50 —-1.69 | —045 965.28 7.29
19 26.12 33.87 86.58 —-1.69 0.15 966.31 6.58
20 25.61 30.50 261.97 0.59 | —2.87 964.99 3.43
21 23.85 29.11 253.77 0.23 0.19 962.42 5.88
22 23.23 30.21 25.25 0.44 | —0.56 961.14 6.04
23 24.36 31.01 1.92 2,17 | —-1.22 956.68 5.31
24 22.04 25.83 0.00 1.16 1.22 953.53 10.34
35 20.32 23.68 48.67 331 | —0.26 95375 | 14.26
36 21.94 26.56 30.87 1.25 | —0.50 950.47 | 18.2
37 23.48 27.66 10.71 0.74 | —2.64 952.79 |20.12
38 23.37 30.21 451 -0.35 | —0.52 95492 |17.24
39 25.73 31.15 35.19 —1.60 | —0.88 959.69 | 12.43
30 25.06 30.08 73.87 —3.08 0.52 965.23 7.55
31 26.14 28.90 266.09 -3.39 | -0.59 966.2 4.83
32 26.07 32.94 332.62 0.69 | —3.19 963.52 3.11
33 23.14 29.39 152.16 —-0.67 | —0.51 963.46 3.69
34 23.50 28.84 74.71 0.59 | —0.27 961.39 5.14
35 23.25 30.80 67.11 3.07 | =2.23 957.50 5.12
36 20.68 24.73 0.98 1.03 | —1.69 952.55 8.02




Exercise

8.5 Following observations are recorded daily for 20 consecutive days in a city.

Days Evaporation Air temperature Pressure Specific humidity Wind speed

(mm/day) (°C) (mb) (Kg/m?) (m/s)
1 3.08 2432 954.46 11.07 6.75
2 243 21.74  955.41 7.59 7.50
3 2.70 20.17  959.64 5.82 5.57
4 3.06 21.82  956.75 732 427
5 3.17 23.63 95527 5.36 5.38
6 3.36 2773 949.16 5.23 0.31
7 4.15 32.11  942.58 6.23 5.51
8 3.09 3448 937.95 7.82 6.23
9 3.58 32.61  940.43 12.62 1.26
10 257 26.90  949.25 15.98 1.84
11 1.48 24.17  955.12 17.62 0.61
12 2.53 2454 950.78 15.39 2.36
13 4.07 2370  954.34 12.69 6.19
14 2.66 23.65 955.08 8.80 1.73
15 3.33 28.47  946.57 11.84 4.01
16 2.50 2432 95437 11.79 4.67
17 2.09 22.17  956.82 11.72 3.09
18 2.80 23.18  954.10 11.36 3.31
19 3.62 23.67 95491 9.03 5.79
20 3.01 2569 951.27 7.02 1.02
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Calculate the supervised principal component considering evaporation as depen-

dent variable.

(Ans. Supervised principal component considering evaporation as dependent vari-
ableis —679.7, —679.9, —683.3, —681.4, —678.3, —672.9, —665.4, —661.4, —667.3,
—677.8, —684.4, —679.7, —680.7, —680.4, —672.8, —680.3, —683.5, —680.8,

—679.6, and —676.)

8.6 Considering sea surface temperature and air temperature as dependent variables
and other variables as independent variable in Exercise 8.2, calculate the loadings for

(a) Supervised principal component
(b) Canonical correlation component

Ans. (a) Loading vector for supervised principal component

-

0.996
—0.038

—0.022
—0.013

—0.002 0.080
0.051 0.769

—0.037
0.636

[

(b) Loading vector of independent variables for canonical correlation com-

ponent
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—0.0046  0.0046  0.0044 —-0.0046 0.0044

0.3234 —0.3242 —0.2895 0.3364 —0.2987

U= -04699 04694 0.4910 —0.4615 0.4853
0.7624 —-0.7623 —-0.7644  0.7613 —0.7640

0.3056 —0.3057 —0.3013  0.3071 —0.3025

Similarly, the loading vector for dependent variables is

V= 0.999 -0.779
| —0.047  0.627 |-

8.7 For nine different locations in lower Narmada Basin, the monthly average pre-
cipitation (in mm) for 2 years is presented in the following table.

Month Locations

A B C D E F G H I
1 16.06 17 27.67 16.63 11.07 19.69 1049 10.62 11.82
2 13.52 1547 19.62 17.15 8.44 18.09 9.86 10.84 8.69
3 10.55 8.08 1491 1793 7.01 9.66 5.01 5.98 8.23
4 6.00 7.26 15.84 13.6 9.68 8.57 6.28 11.55 10.32
5 17.73 1226 20.84 22.98 9.81 1496 1345 1035 14.15
6 166.7 163.38 199.45 214.83 182.77 192.6 221.41 179.13 176.47
7 286.17 335.33 331.95 350.86 343.31 336.88 438.6 335.86 312.03
8 298.75 287.19 332.08 351.87 309.21 324.8 461.72 351.64 306.51
9 156.47 159.31 217.76 171.27 189.43 190.72 178.17 170.56 171.18
10 50.04 52.69 5446 57.13 43.08 49.79 6096 49.19 46.49
11 7.13 7.01 12.69 10.34 5.39 6.93 4.73 9.11 6.54
12 10.3 7.08 9.82 8.74 5.23 6.65 2.98 3.55 5.49
13 72.11 119.22 2642 28.08 26.42 0.64 6.81 46.87 29.25
14 49.10 76.07 7423 2795 3445 9757 3246 33.77 4273
15 0.58 2698 6747 50.9 36.08 32.61 11.06 61.04 3.85
16 17.69 386 14.44 437 2496 16.71 2041 60.04 2.39
17 17.52 523 19.08 5996 20.29 2852 58.06 63.06 32.37

18 209.51 178.79 186.59 224.1 203.91 237.33 285.77 172.05 190.35
19 300.24 380.61 320.12 340.26 329.33 356.18 350.21 360.4 312.54
20 250.33 282.35 280.6 288.46 363.54 300.78 288.54 322.15 371.04
21 198.59 195.46 24021 201.8 286.6 213.29 178.09 211.15 197.2

22 34.64 18.37 80.24 4421 80.05 8036 97.56 74.69 43.22
23 1891 1744 15.03 19.3 9.8 839 1253 53.68 3425
24 31.63 2356 25.63 3472 1671 36.64 424 16.3 9.53

Calculate the loadings for empirical orthogonal components.
Ans. The loadings for empirical orthogonal components are
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[0.289 —0.047 0.297 —0.113 —0.295 —0.438 —0.152 —0.258  0.667 ]
0.316 —0.369 0.756 —0.003 0.077 0.052 —-0.082 0.180 —0.380
0.318 —0.063 —0.193 —0.491 0429 —0.086 0.175 0.574  0.255
0.334 0.182 0.050 0.066 0.046 —0.129 0.834 —-0.335 —-0.147

U=1|0348 —0.358 —0.481 —0.053 —0.044 —-0.467 —0.257 —0.205 —-0.434
0.335 0.020 —0.087 —0.503 —0.135 0.655 —0.145 —0.398 —0.006
0.394 0.792 0.048 0.101 —-0.104 —-0.099 —-0.301 0.220 —-0.213
0.329 —0.070 —0.082 0.566 0.601 0.213 —0.194 —-0.211  0.266

| 0.327 —0.251 -0.229 0394 -0.573 0.282 0.170 0.409  0.137 |

8.8 For the precipitation data given in Exercise 8.7, the locations ‘A’ and ‘B’ are in

downstream to all other points. Calculate the loading vector for canonical correlation

component considering precipitation at location ‘A’ and ‘B’ as dependent variable.
Ans. The canonical correlation loading for independent variables is

1.147  0.1470  0.1470  0.1470  0.1460  0.1470  0.147 |
0.582 0.5830 0.5820 0.5820 0.5870  0.5800  0.581
—0.324 —0.3230 —0.3240 —0.3240 —-0.3200 —0.3260 —0.325
U= 0.420 0.4200 0.4200 0.4200 0.4220 0.4190 0.420
—-0.374 —-0.3740 —-0.3740 —-0.3740 —-0.3710 —-0.3750 —-0.374
0.375 0.3740 0.3740 0.3740 0.3710 0.3760  0.375
0.279  0.2800 0.2790  0.2790  0.2810  0.2790  0.279

The canonical correlation loadings for dependent variables are

V= 0.9940 —0.7350
~ | —0.1080  0.6780

8.9 Calculate the variance explained by EOFs of mean monthly air temperature
recorded in five cities (A to E as shown in Table 8.9).

Table 8.9 Air temperature for five monitoring stations

Month Location
A B C D E

1 21.70 19.94 19.92 25.07 24.52
2 23.60 23.55 18.94 23.51 23.12
3 22.44 25.96 17.40 26.59 26.30
4 20.37 24.29 19.05 23.18 22.09
5 22.73 23.16 20.12 24.06 28.91
6 23.99 20.36 20.67 22.12 22.43
7 21.08 22.07 18.43 20.85 27.03
8 21.62 23.17 15.88 21.59 22.57
9 22.67 19.80 18.20 20.69 24.12

(continued)
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Table 8.9 (continued)

Month Location
A B C D E

10 24.39 23.08 19.86 20.60 25.23
11 21.11 2191 17.80 23.11 25.94
12 22.02 21.54 15.76 21.95 2143
13 18.79 22.33 23.05 19.45 19.56
14 22.12 20.06 13.86 22.36 21.55
15 19.31 19.55 18.49 21.54 20.76
16 20.11 21.94 16.10 24.39 22.58
17 21.96 20.54 18.55 20.40 23.24
18 21.01 20.18 20.13 22.29 23.29
19 21.78 19.20 20.52 22.85 21.68
20 23.45 22.25 16.85 24.52 25.62
21 25.23 19.64 21.57 21.06 25.83
22 23.77 23.34 19.55 22.84 23.84
23 22.06 25.86 20.23 19.80 27.33
24 22.57 22.82 17.35 17.92 23.71

(Ans. The variance explained by first five empirical orthogonal components in %
is 36.51, 25.59, 15.98, 14.43, and 7.50.)

8.10 At a gauging station, the monthly streamflow is found to follow exponential
distribution with A = 0.5. Generate a streamflow data for a year.
(Answers may vary depending on random number generated. Refer to Sect. 8.6.)

8.11 Historical data for a location suggests that monthly average rainfall follows
exponential distribution with A = 1.5 and streamflow follows normal distribution
with mean 15 m3/s and standard deviation of 2.5 m?/s. The correlation between
monthly average precipitation and streamflow is 0.55. Generate the data for 2 years
preserving the correlation structure. (Answers may vary depending on random num-
ber generated. Refer to Sect. 8.6.)

8.12 Following annual precipitation depths (in cm) is obtained from 4 GCMs for 6
consecutive years.

GCM Years

2025 2026 2027 2028 2029 2030
GCM-1 1122 1179 1043 111.7 1126 115.2
GCM-2 133.8 117.3 1254 133.6 128.8 134.8
GCM-3 1272 88.8 111.6 109.8 1156 1314
GCM-4 1384 111.7 100.8 129.2 124.6 112.1
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Check whether the mean annual precipitation depth differs with GCMs at 5%
level of significance.

(Ans. Mean annual precipitation depth differs with GCMs at 5% significance
level.)

8.13 Different scenarios for GCM result in the different predictions for the hydro-
climatic variables. For a location following estimate for average annual streamflow,
(Mm?) is obtained for 4 GCM and four different scenarios.

GCM Scenarios

1 2 3 4
GCM-1 250 261 280 271
GCM-2 265 270 264 259
GCM-3 245 252 250 268
GCM-4 240 255 259 272

Check whether the mean annual streamflow differs with different choices of GCMs
and/or scenarios at 1% level of significance.

(Ans. Mean annual streamflow differs with GCMs and/or scenarios at 1% signif-
icance level.)



Chapter 9 ®)
Time Series Analysis oo

Hydroclimatic variables such as rainfall intensity, streamflow, air tem-
perature vary with space and time, due to different hydrological/climatic
phenomena/processes. As these processes are continuously evolving over
time, studying the interdependence in hydroclimatic data with proper
consideration of temporal information may lead to better insight into the
governing processes. Observations of any variable, recorded in chrono-
logical order, represent a time series. A time series is generally assumed
to consist of deterministic components (results can be predicted with
certainty) and stochastic components (results cannot be predicted with
certainty as the outcome depends on chance). Analysis of time series
helps to get an insight of the time series that in turn may enhance the
prediction of the hydroclimatic processes/variables. The objective of this
chapter is to introduce different types of time series analysis techniques.
This requires an understanding of time series analysis techniques and
time series properties like stationarity, homogeneity, periodicity, which
is the subject matter of this chapter.

9.1 Data Representation in Hydroclimatology

Most of the hydrologic time series are continuous in nature but they need to be
represented on a discrete time interval. For example, temperature, streamflow, or
rainfall depth may vary continuously over time but the records are taken over discrete
time interval. There are two methods to represent a continuous time series, f(¢), on
a discrete time interval.

(i) Sample Data Representation: In this representation, value of the function for
ith time interval, X (i), is given by instantaneous value of f(¢) at the time i At.

X (i) = f(iAl) (9.1)

Dimension of the pulse data is L3T~! or LT ~'. Most common examples of
sample data representation include streamflow, wind speed that are recorded as
a series of instantaneous values.
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Fig. 9.1 Different types of data representation a sample data representation b pulse data represen-
tation

(i)

Pulse Data Representation: In this representation, value of the function for ith
time interval, X (i), is given by accumulated value of f(¢) during time i At, i.e.,
between (i — 1)A and i A.

iAt
X(i) = / f(t)dt 9.2)
(

i—1)At

Dimension of the pulse data is L* or L. Most common example of pulse data
representation is precipitation that is recorded as a series of accumulated depths.
Sometimes pulse data can also be represented as average rate over the interval
At as follows:

) 1 iAt
X(@i) = E/(i_l)mf(t)dt (9.3)

Example includes precipitation intensity that has a dimension LT !,

Figure 9.1 explains the two methods of data representation, i.e., sample data rep-

resentation and pulse data representation.

9.2 Stationary and Non-stationary Time Series

A time series is known to be stationary if the statistical properties of the time series
remain constant over time. This property is known as stationarity. The order of
the stationarity represents the highest central moment (moment around the mean),
which remain constant over time. For instance, first-order stationarity indicates time-
invariant mean or mean does not change over time. Similarly, if both mean and
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variance (second-order central moment) remain constant over time, the time series
is known to be second-order stationary or weakly stationary. If mean, variance,
and all higher-order moments are constant over time, the time series is called strict
sense stationary or simply stationary. In hydrologic and hydroclimatic applications,
second-order stationary can be safely assume to be satisfactory. However, impacts
of climate change may impart non-stationarity in many hydrologic time series.

If the statistical properties of a time series change or vary with time, it is known as
non-stationary time series. Apart from various other causes, presence of trend, jump,
periodicity, and a combination thereof, cause non-stationarity in the time series.
These are generally deterministic components that should be removed to obtain the
stochastic component of the time series. However, their removal does not always
guarantee stationarity. These deterministic components are discussed below:

(i) Trend: Trend refers to gradual but continuous change in mean of a time series.
Trend may be increasing or decreasing (Fig.9.2) and may be linear or nonlin-
ear. The cause of trend in time series is gradual change in hydrological and
climatic factors or conditions. Sometimes anthropogenic changes (like change
in land use and land cover, regulation of river flow using weir) may also lead
to development of trend in hydroclimatic time series.

100

100

(a) Increasing Trend (b) Decreasing Trend

Magnitude
Magnitude
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Time
100 100
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80
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Fig. 9.2 Different types of deterministic components of time series
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(i) Jump: An abrupt change in the mean of the time series at some time step is
termed as jump (Fig.9.2). Jump in hydrological time series may occur due to
extreme conditions like natural hazards; system errors; inhomogeneity caused
by humans or change in experimental method/setup/tools. The removal of jump
requires identification of the time step of its occurrence.

(iii) Periodicity: Periodicity is a property of time series in which the same or sim-
ilar values get repeated after some time difference (Fig.9.2). The periodicity
is observed in many hydrological or climatic variable due to seasonality. For
example, in India the rainfall is highly seasonal and mostly occurs in the mon-
soon months (June, July, August, September). On visualization, periodic time
series show wave like characteristics. The time series that do not exhibit peri-
odicity is termed as aperiodic.

9.3 Ensemble and Realization

Ensemble refers to a collection of time series representing the same variable. Each
of the constituting time series of an ensemble is termed as realization. The statistical
properties across the different realizations are known as ensemble properties. An
ensemble is said to be ‘ergodic’ if the statistical properties remain constant across
the realizations within the ensemble, otherwise the ensemble is termed as ‘non-
ergodic.’ Often ensembles are generated in many hydroclimatic simulations through
multiple runs of the model, and ensemble average properties are determined.

9.4 Trend Analysis

Deterministic components, if exist, should be treated separately. Thereby, the trend
in time series (if any) needs to be identified and removed before applying any time
series model.

9.4.1 Tests for Randomness and Trend

The trend (if any) is usually visible in the time series plot. The presence of trend in
time series can be checked using the following tests:

(1) Regression test for linear trend: If the time series fulfils the assumptions of
simple regression model, a linear regression model can be fitted by considering
the value of time series as dependent variable and time step as independent
variable as per Sect.7.1. The regression equation is expressed as:
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Xt)=a+bt+¢ 9.4)

where, X (¢) is the value of time series at time ¢, a and b are the intercept and slope
parameters of regression model respectively. ¢ represents the residual or error.
Increasing and decreasing (linear) trend with fitted regression line is shown in
Fig.9.2. If the slope of the fitted regression model () is not significantly different
from zero, then no linear trend exists in the time series. This test for significance
of b is explained in Sect.7.7.

Mann-Kendall Test: Mann—Kendall test is a nonparametric test that identifies
the trend in the time series. Being a nonparametric test, the test is widely applied
to detect trend in time series following any probability distribution. For a time
series X (t), the Mann—Kendall statistic is defined as:

-2

Mz

sign(X(t") — X (1)) 9.5)

+

where N is number of data and sign(e) represents a signum function given by:

. 1, ifa >0
) L ifx #£0 .
sign(a) = {4 =10, ifa=0 (9.6)

0, ifx=0
o ~1, ifa<0

Sign and value of the S statistic show the direction and intensity of the trend.
Under the null hypothesis of no trend, the distribution of § statistics is expected
to have zero mean. The variance of the statistics is given by:

Var(S) = 1 |:N(N — 12N +5) — Z it — D2t + 5)} 9.7)

i=1

where g is the number of tied groups and #; represents the number of observations
in the tied group. Tied groups are groups having members tied, or, in other words
if the frequency of a value is greater than 1 in the frequency table, it constitutes
the tied group. For example, in the data set {15, 11, 10, 12, 10, 15, 13, 15} there
are two tied groups (10 and 15). Tied group for 10 has 2 members and tied
group for 15 has 3 members. However, continuous hydroclimatic variables like
precipitation, stream flow, temperature may have very less or no tied group.
Under the assumption that there is no tied group, the variance of § statistic

becomes: NN — DON + 5
Var(S) = ( _1)8( +5) (9.8)
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The test statistics u, is given by:

S —sign(S)

VVar(S)

u. statistic follows standardized normal distribution. The null hypothesis of no
trend can be rejected if |u.| > Z(a,2), where Z ) is standardized normal variate
for the non-exceedance probability of (1 — a/2) x 100% and « is the level of
significance. For no tied group, the test is valid for N > 10.

(9.9)

Ue =

(iii) Kendall tau (t) Test (Rank Correlation Test): Suppose that for a pair in

(X (i), X(j)) with j > i in time series X (¢), there are p pairs such that X (j) >
X (i). These pairs are called concordant pairs.

N-1 N
Z Z SX() > X (@) (9.10)

where, J(e) = 1 if the argument is true, otherwise J(e) = 0. The pairs
(X (@), X(j)) with j > i are called discordant, if X(i) > X(j). It should
be noted that the pairs can be neither concordant or discordant if X (i) = X (j).
The random variable p, i.e., number of concordant pairs, is supposed to have
uniform distribution between minimum possible value (i.e., 0) and maximum
possible value. Maximum possible number of concordant pairs (p) will be equal
to the number of possible pairs in a strictly increasing time series (Vj > i,
X (j) > X (i)). If the length of time series is N, then

p=W—D+W—%+~+1=ﬂ%;2 9.11)

Hence, expected value of p is given as:

1@+NW—D>=NW—D 0.1

B =3 2 4

Test statistic for testing the randomness is defined as Kendall rank correlation
coefficient or Kendall t. The Kendall t is defined as the difference between the
probability of concordant and discordant pairs. If the number of concordant and
discordant pairs are p and g, respectively, then the Kendall t is given by:

_2(p—¢)

= NN - D (9.13)

If there is no pair that is neither concordant or discordant, then p 4+ g = Total
number of pairs = N(N — 1) / 2. In that case, the Eq.9.13 reduces to,
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4p

Kendall t varies between 1 with an expected value of 0. The variance of t is

given by:
22N +5
Var() = 22N 3 9.15)
ON(N - 1)
With large N, the ratio :/% = \/%(1) follows a standard normal distribution.

Hence, if )ﬁ < Z(a2) at significance level o then the null hypothesis
time series is random) cannot be rejected. Z, 2 is the standard normal variate
) (a/2)

at (1 — a/2) x 100% non-exceedance probability.

9.4.2 Trend Removal

The trend can be linear or nonlinear. Removing linear trend by fitting simple regres-
sion model is comparatively easier. In case of nonlinear trend, the major problem
becomes the estimation of degree of polynomial trend line. With the increase in
the degree of fitted polynomial the residual may decrease, however, it needs to be
checked whether addition of extra order is statistically significant or not. One alterna-
tive approach to remove nonlinear trend is piecewise polynomial regression fitting.
Hence, instead of fitting a global polynomial trend line, many lower-order polyno-
mials are fitted in piecewise manner. One popular polynomial fit for piecewise fitting
is spline. After fitting an appropriate trend line (either a simple linear regression or
polynomial fit) the value of trend can be calculated and subtracted from the observed
time series to remove the trend.

Example 9.4.1

The streamflow records (in Mm?) for 20 consecutive days are 1.1, 0.5, 2.7, 1.3,
1.5,22,2.1,3,2.9,44,46,3.1,47,4,4.6,5.1, 6.1, 5.3, 6.7, and 5.6. Check the
streamflow data for linear trend by using linear regression and comment about the
significance of linear trend at 5% significance level.

Solution The given data can be analyzed for fitting a linear regression as given in
Table 9.1 (see Example 7.1.2). From the table,

N =20, Zt =210, Zx =715,8, = thz = 665, and

Ser =Y x> = 6073, Spy = Sy = Y _ taxg = 188.115
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Table 9.1 Calculation for fitting linear regression

Days (1) Streamflow tq Xd t3 xﬁ Xqtq
(in Mm?) (x)

1 1.1 —-9.5 —2.48 90.25 6.13 23.56

2 0.5 -8.5 —3.08 72.25 9.46 26.18

3 2.7 -7.5 —0.88 56.25 0.77 6.6

4 1.3 —6.5 —2.28 42.25 5.18 14.82

5 1.5 -5.5 —2.08 30.25 4.31 11.44

6 2.2 —4.5 —1.38 20.25 1.89 6.21

7 2.1 -3.5 —1.48 12.25 2.18 5.18

8 3.0 -2.5 —0.58 6.25 0.33 1.45

9 2.9 -1.5 —0.68 2.25 0.46 1.02
10 44 -0.5 0.83 0.25 0.68 —-0.415
11 4.6 0.5 1.02 0.25 1.05 0.51
12 3.1 1.5 —0.48 2.25 0.23 -0.72
13 4.7 2.5 1.13 6.25 1.27 2.825
14 4.0 35 0.42 12.25 0.18 1.47
15 4.6 4.5 1.02 20.25 1.05 4.59
16 5.1 5.5 1.52 30.25 2.33 8.36
17 6.1 6.5 2.52 42.25 6.38 16.38
18 53 7.5 1.72 56.25 2.98 12.9
19 6.7 8.5 3.13 72.25 9.77 26.605
20 5.6 9.5 2.02 90.25 4.10 19.19
Total > : 71.5 665 60.73 188.155
210

Simple linear regression equation for trend is given by

x=a+ bt
S, 188.115
p=2m = %% 083
S, 665
. 71.5-0.283 x 210
and,a =¥ — BT = X2 0.604

20

Hence, the developed linear regression model is

x = 0.604 4 0.283¢
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The Sum of squared errors is given by

@ _ S (S:)%/Su  60.73 — 188.1152 /665 0418
< N-2 B 18 o

For checking the significance of the trend in the streamflow time series, we need to
prove that the parameter 3 (population estimate of b; Sect.7.7) is statically different
from 0 at 5% significance level. Hence,

Null Hypothesis: 3 =0
Alternative Hypothesis: 3 # 0
Level of Significance: oo = 5%

For N — 2 = 18 degrees of freedom, #( 9s5(18) = 2.10.
The test statistics is given by

b—3 0.283
=22 s = = /665 =11.29
s, VT Joais

As 11.29 > t(25(18), so the null hypothesis is rejected. Hence, the trend is significant
in the streamflow time series at 5% significance level.

Example 9.4.2
For the time series given in Example 9.4.1, test the significance of trend using (a)
Mann-Kendall Test and (b) Kendall’s tau test at 10% significance level.

Solution The null and alternate hypothesis can be expressed as:

Null Hypothesis: Time Series does not have a trend.
Alternative Hypothesis: Time Series has a trend.
Level of Significance: oo = 10%

(i) Mann-Kendall Test
From Eq. 9.5, the Mann—Kendall statistics (S) is given by

N—-1 N
S=3"3" sign(X(t) — X(1)) = 157

1 t'=t+1
The variance of S is given by

Var(S) = NN — 11)8(2]\’ 9 _ 950

The test statistics u, is

S —sign(§) _157—1

= = 5.06
V/Var(8) /950
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Z(a/2) = Zo'os = 1.645

As |u.| > 1.6450 (Zy.05), so the null hypothesis of no trend is rejected.

(ii)) Kendall tau Test
The number of pairs of concordant pairs (p) as defined by Eq.9.10 is 173 in the
streamflow time series. From Eq.9.14, the Kendall tau (t) is given by

4p 4 x 173
T=——— - 1l=———--1=0.82
N(N —1) 2020 — 1)

The variance of t is given by (Eq.9.15)

22N +5

Var(t) = 20N+ 063

ION(N —1)

The test statistics (z) is
T 0.82

Z = — =
JVar(t)  4/0.0263
As |z] > 1.645 (Z05), so the null hypothesis of no trend is rejected.

Example 9.4.3

For the years 1981 to 2010, the global mean annual temperature (in °C) was observed
as 0.33, 0.13, 0.30, 0.15, 0.12, 0.19, 0.33, 0.41, 0.28, 0.44, 0.43, 0.23, 0.24, 0.32,
0.46, 0.35, 0.48, 0.64, 0.42, 0.42, 0.55, 0.63, 0.62, 0.55, 0.69, 0.63, 0.66, 0.54, 0.64,
and 0.71. Check the claim that global mean annual temperature has no trend using
Kendall tau test at 5% significance level.

Solution The null and alternate hypothesis can be expressed as:

Null Hypothesis: Global mean annual temperature does not have a trend.
Alternative Hypothesis: Null hypothesis is not true.
Level of Significance: oo = 5%

Kendall tau Test
The number of pairs of concordant (p) as defined by Eq. 9.10 is 362 in the streamflow
time series. From Eq.9.13, the Kendall tau (1) is given by

C2p—q) _ 4p | _4x362

= - =" _1=066
N(N—-1) NN -1 30(30 — 1)

The variance of t is given by (Eq.9.15)

_ 22N +5)

Var() = SN v = 1)

=0.017
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The test statistics (z) is

T 0.66
= = =
JVar(t)  /0.017

As |z] > 1.96 (Z025), so the null hypothesis of no trend is rejected.

9.5 Analysis of Periodicity

In the domain of hydroclimatology, many time series are having periodicity due to
their seasonal behavior. For example, monthly rainfall or wind velocity at a location
is expected to have a periodicity of 12 months. If the time period of periodicity is
known, then it can be removed using harmonic analysis, otherwise time period of
periodicity can be identified using autocorrelation or spectral analysis.

9.5.1 Harmonic Analysis

Any time series can be expanded into Fourier series, i.e., a function of series of sines
and cosines.

o0 o0
X() =ag+ Z a; cos(2my;t) + Z b; sin(m;1) (9.16)

i=1 i=1

where v; is ith frequency and a;, b; are corresponding Fourier coefficients. If the
length of data is N, then the coefficients are given by,

N .
1 it
a; :NZX(t)cos (%)dt fors =0,1,2,... 9.17)
=1
N .
1 . 2mit
bi:NZX(t)sm (T>dt fort=1,2,3,... 9.18)
=1

If the periodicity is known (say p) then different harmonics or frequencies are
expressed as 7/p where 7 = 1,2, ..., p. For hydroclimatic data p depends upon
the temporal resolution. For example, p for monthly scale data is 12 and for daily
scale data is 365. In discrete form, the harmonic fitted mean of such hydroclimatic
time series for a period 7 (say m ) using first 2 harmonics is given by,
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u+2a, c0s<2mT> Zb sin <27rz7-) (9.19)

i=1

where p is the population mean, a; and b; are Fourier parameters and 4 is total
numbers of harmonics considered. The Fourier parameters can be obtained by min-
imizing the Sum of square of differences between the sample estimate of mean and
mean estimated using Eq.9.19. The parameters are given by:

2miT .
( ),f0r1=1,2,...,h (9.20)

2
-
2 2miT .

— ( ),forz:l,Z,...,h 9.21)
p

S5

If we consider all the harmonics, then the m will be equal to actual periodic mean
(x;). In practice only first few significant harmonics can explain most of the variance
in the data. The number of significant harmonics required can be ascertained by
plotting the ratio of cumulative variability explained by individual harmonics to total
variability in the time series. The plot of explained cumulative variance with respect
to order of harmonics is called cumulative periodogram.

XL var(hy)

I T Var(x) ©-22)

where Var(h;) and Var(x) are the mean square of deviation of m. (for harmonics
h;) and x from their respective means. These quantities are given by:

1
Var(h;) = E(ai2 +b}),fori=1,2,...,h (9.23)
1< 1<
Var(x) = =) & — ) where,i=—~> "%, (9.24)
P p

Hence, the cumulative periodogram is plotted between P; and j. The slope of the
cumulative periodogram helps in finding the significant number of harmonics. The
m, thus obtained can be subtracted from the original time series to remove the
periodicity from the time series.

9.5.2 Spectral Analysis

Spectral analysis, also called spectral density estimation or frequency domain anal-
ysis, is the decomposition of a periodic time series in such a way that its constituent
frequency (and their amplitude) is revealed. Spectral density estimation can be done
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using the Fourier transformation. The Fourier series is given by:

o0 o0
X(t) = ag + Z a; cos(2mv;t) + Z b; sinQ7v;t)

i=l1 i=1

o0 o0
= ap(cos(01) + sin(07)) + Zai cos(2my;t) + Z b; sin(27v;t)

i=1 i=1

= Z (a; cos2mv;t) + b; sin(2wv;t)) (9.25)
i=0

Substituting, a; = A; sin(¢;) and b; = A; cos(¢;), the Eq.9.25 can be written as:

X(t) = Z (A; sinQrvit + &) (9.26)
i=0
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where A; and ¢; are amplitude and phase for frequency v;. The sum of root mean
square of sin(e) is l/ﬁ, so the variance of the A; sin(2wy;t + ¢;) is A%/Z. Hence,
a frequency of v; contributes/estimates A?/2 of total variance of X (¢). The plot
of A?/2 with respect to frequency v; is called power spectrum of time series. For
instance, power spectrum of some of circular function is shown in Fig. 9.3. The power
spectrum can be used to find significant frequencies or presence of periodicity in a
time series. For instance, from power spectrum in Fig. 9.3b the wave has a frequency
of 0.25Hz and hence periodicity of 4s. Similarly, the power spectrum in Fig.9.3d
clearly shows the frequencies in the wave shown in Fig.9.3c. These frequencies
are 0.2, 0.5, 0.8, and 1Hz. Generally, in hydroclimatic variables mostly one or two
frequencies (related to annual seasonality) will be prominent.

9.6 Data Transformation

Most of the parameter estimation methods are based on the assumption that the time
series follows normal probability distribution. Hence, we may need to transform the
time series to follow normal probability distribution for some applications.

If we have a time series, X (¢) following lognormal distribution, the following
transformation yields normal series, Y (¢):

Y(t) =In(X(2)). 9.27)

If the time series X (¢) follows gamma probability distribution, then the following
transformation may yield a normally distributed random variable Y ().

Y(t) = /X1 (9.28)

Power transformation, also known as Box-Cox transformation, can also be used for
transforming the data to normal distribution. One-parameter Box-Cox transformation
is given by
X@)r-1
=2 — ifA#0and X(r) >0
Y(t) = { A > @ (9.29)

In(X (1)) ifA=0

The other two transformation methods discussed before can be considered as special
cases of one-parameter Box-Cox transformation.
The two-parameter Box-Cox transformation is given by

Al

XO+AM -1 if X _
V() = 1 A #Z0Oand X (1) > — )\ 9.30)
In(X(@)+ X)) ifA\; =0

The parameter \; or \, can be obtained by method of maximum likelihood. It should
be noted that any of the transformation procedure discussed in this section does not
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always result in a time series that is normally distributed. Hence, before further
analysis, transformed variable/time series need to be checked if they follow normal
distribution using the appropriate test (discussed in next section).

9.6.1 Test for Normal Distribution

For checking that the time series follow normal distribution, the time series can be
plotted on normal probability paper. If the plot is close to straight line with slope 1
and intercept 0, then the series can be considered normally distributed. A number
of statistical tests exist for checking normality in the data like chi-square (x?) test,
Kolmogorov—Smirnov test, Anderson—Darling test, and skewness test. Former three
tests are discussed in Sect. 6.4.4. The skewness test is explained here.

For skewness test, the skewness coefficient of a time series X (¢) is estimated as
follows:

YL (X)) = X)P

T

(9.31)

where N is the number of sample data and X is the sample mean for time series
X (t). The skewness test is based on the fact that the skewness coefficient of a normal
variable is zero. If the series is normally distributed, S is asymptotically normally
distributed with the mean of zero, variance of 6/ N, hence, (1 —a) x 100% confidence
limit on skewness is defined as,

Se [—Z(a/z),/6/N, Z(a/z),/6/N} (9.32)

where Z(,2) is the (1 — «/2) quantile of the standard normal distribution. There-

fore, if S falls within the limits of Eq.9.32, the hypothesis of normality cannot be
rejected. The test is found to be reasonably accurate for N > 150.

Example 9.6.1

At a location, the rainfall data is found to follow gamma distribution. For 20 consec-
utive days the recorded rainfall (in mm/day) are 2.89, 7.39, 23.88, 10.59, 5.91, 1.53,
3.48, 56.54, 26.19, 6.35, 38.09, 0.01, 3.03, 41.57, 44.73, 21.39, 15.87, 1.22, 21.75,
and 0.21, respectively. Transform the data such that it follows normal distribution.
Check whether the transformed data follow normal distribution using skewness test
at 5% significance level (as discussed in Sect.9.6.1).

Solution A gamma distributed random variable can be transformed into normal
distribution using the Eq.9.28. Further, for checking the normality of data using
the skewness, the skewness is required to be calculated using the Eq.9.31. These
calculations are shown in Table9.2.
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Table 9.2 Calculation for data transformation and skewness test

S. No. Rainfall (mm) Normalized | Normalized series Ya(1)? Y ()3
X() series Y (t) | deviation Yy(t)
1 2.89 1.70 —1.76 3.10 —5.47
2 7.39 2.72 —0.74 0.55 —0.41
3 23.88 4.89 1.43 2.03 2.89
4 10.59 3.25 -0.21 0.04 —0.01
5 591 2.43 —1.03 1.06 —1.09
6 1.53 1.24 —-2.22 4.95 —11.01
7 3.48 1.87 —1.60 2.55 —4.07
8 56.54 7.52 4.06 16.46 66.81
9 26.19 5.12 1.66 2.74 4.54
10 6.35 2.52 —0.94 0.89 —0.84
11 38.09 6.17 2.71 7.34 19.9
12 0.01 0.10 —-3.36 11.30 —37.99
13 3.03 1.74 —-1.72 2.96 —5.10
14 41.57 6.45 2.99 8.92 26.62
15 44.73 6.69 3.23 10.41 33.59
16 21.39 4.62 1.16 1.35 1.57
17 15.87 3.98 0.52 0.27 0.14
18 1.22 1.10 —2.36 5.56 —13.10
19 21.75 4.66 1.20 1.44 1.74
20 0.21 0.46 —3.00 9.02 —27.09
Total 332.62 69.23 0.00 92.94 51.62

From the table, the skewness can be calculated as:

YL OO-Y?  _ [51.62/20] _
[4 2 o - )_()2]3/2 [92.94/20]*"2

Test for Normal distributed data using skewness (Sect.9.6.1)

Null Hypothesis: Data is normally distributed.
Alternative Hypothesis: Data is not normally distributed.
Level of Significance: o = 5%

Null Hypothesis is acceptable for |S| < Z/2)v/®/n (Eq.9.32)

AS, Za/v/8 /v = Zo.025y/0/20 = 1.074
Since —1.074 < S < 1.074, so the null hypothesis of data being normally distributed
cannot be rejected.
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9.7 Time Series Modeling in Hydroclimatology

After removal of deterministic components (like trend, periodicity, or jump) of time
series, different time series modeling approaches can be used for modeling stochastic
component of the time series. Some of the popular linear models for time series
prediction/forecast are following:

(i) Autoregressive model
(i) Moving average model
(iii)) Autoregressive moving average model
(iv) Autoregressive integrated moving average model

Out of these, the first three are linear stationary models used for modeling stationary
time series. However, the last model is a linear non-stationary model and is used
to model a time series for which dth difference series (Sect.9.7.2) is stationary.
Stationary and non-stationary models are discussed in Sect. 9.7.3. All of these models
are linear regression model and try to relate the present value of time series with the
previous values. Being linear, these models rely on mutual linear association between
time series values. These linear associations are expressed in term of autocorrelation
function and partial autocorrelation function in time series.

9.7.1 Measures of Linear Association in Time Series

Hydroclimatic time series often have linear association between its successive values.
These linear association can be utilized in developing the structure of the linear
models for analysis/prediction of the time series. Two linear association measures
for time series are autocorrelation and partial autocorrelation functions.

Autocorrelation Function

Autocorrelation is a measure of linear association between the values of same time
series separated by some time lag/steps (say k). For a time series X (¢), and the same
time series with lag k (represented by X (¢ — k)), the linear association is measured
by autocovariance. The term auto is used as the values are from same series but with
some lags. The autocovariance function for lag k (represented by Cy) is given by:

Ce=EX@), Xt —k)) (9.33)

where E represents the expectation. The autocorrelation function for lag & is
defined as:

C C
a =k (9.34)

Pk =
\/E [(X(t) — X)) E[(X(t —k) — X(t —k)?] 7+
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Fig. 9.4 Typical autocorrelogram for a random/stationary time series b periodic time series

where o, and o,_; are standard deviation for time series X (¢) and X (t — k), respec-
tively. If the time series is second-order or higher-order stationary (standard deviation
does not change over time), then the Eq.9.34 can be expressed as:

Pk = (9.35)

o2
where o is the standard deviation of time series X (¢). A plot of autocorrelation func-
tion with corresponding lag is called autocorrelogram. For a stationary time series
the autocorrelation become insignificant with increasing lag (Fig.9.4a). However,
for a periodic time series the autocorrelation is also periodic and decreases slowly
with damping peaks (Fig.9.4b). Under the assumption of independent time series,
autocorrelation at lag k is normally distributed with zero mean and 1 / (N — k) vari-
ance, N being the length of time series. The confidence limits of autocorrelation
function for « significance level are given as follows,

“Zep o, < La

VN —k T VN-—k

where Z(,2) is standard normal variate at (1 — o/2) x 100% non-exceedance proba-
bility, i.e., P(Z > Z2) = a/2. For large value of N (N > k) the Eq.9.36 further
reduces to,

(9.36)

“Ze < Zep

9.37
JN “TTUN ©-3

Partial Autocorrelation Function (PACF)

Partial correlation is the measure of linear association between two random variables
when effect of other random variables is removed. For instance, let X, Y, and Z be
three random variables. The partial correlation between X and Y, when the effect of
Z is removed, represented as pxy,z, is the correlation between the residuals R, and
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R, resulting from linear regression of ¥ and X with Z, respectively. Hence, pxy;z
is expressed as: E(RR,)
pxvjz = VVar(R,)Var(Ry)

(9.38)

With an assumption that all involved variables are multivariate Gaussian distributed,
if X is conditionally independent of Y given Z, then pyy,z is zero. Hence, partial
correlation is useful in linear models like multiple regression to figure out variables
that do not contribute significantly to the prediction.

Partial autocorrelation function (PACF) of a time series X at lag k is defined as:

Pk = PXoXi/{X1.X20... Xs—1} (9.39)

The partial autocorrelation at lag 0 () is 1. The partial autocorrelation function at
higher lag (say k) (¢ ) is calculated using Yule—Walker equation, which is represented
as:

I p1 p2 ... pr—1 D, P

pr 1 py e d, p2

popt s D3 | _ | p3 (9.40)
Pr—1 Pr—2 Pe—3 +-+ 1 Dy Pr

where p; is autocorrelation function at lag i and ®; is ith parameter for autoregres-
sive model (discussed later in Sect.9.7.4). For the Yule—Walker equation, the last
autoregressive parameter (P ) corresponds to . Thus, for the Eq.9.40, ¢ = .
However, it must be noted that ¢; # ®;, fori € {1,2,...,k — 1}.

The solution of Yule—Walker equation for calculating partial autocorrelation func-
tion at lag k is expressed as:

L po p o pr2p
L pro k3,2

Pk—1 Pk=2 Pk=3 "+ P1 Pk
Yr = 9.41)
L pr p2 o e

pr 1 pr e

Pk=1 Pk=2 Pk=3 -+ P1
Hence, partial autocorrelation function at lags 1 and 2 is defined as:
1 =p1 (9.42)

Zm—ﬁ
1—p}

V2 (9.43)
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The partial autocorrelation at lag & is expected to follow the normal distribution with
mean 0 and standard deviation 1/4/N — k (like autocorrelation). Thus, (I — ) X
100% confidence interval is given by:

—Z)) Z(a/2)

T =%k S ———
~N —k ~N —k

where Z,7) is standard normal variate at (1 — a/2) x 100% non-exceedance prob-
ability, i.e., P(Z > Z2) = @ / 2. The null hypothesis of partial autocorrelation at
a lag k being equal to zero can be tested using above equation. For large value of N
(N > k) the Eq.9.44 further reduces to,

(9.44)

z
< Zap

W SRR

Typical examples of partial autocorrelogram with confidence interval for a random/
stationary time series and a periodic time series are shown in Fig.9.5a and Fig. 9.5b
respectively.

(9.45)

Example 9.7.1
For the rainfall time series given in Example 9.6.1, calculate the autocorrelation at
lags 0, 1, and 2. Calculate the 95% confidence limits for autocorrelation atlags 1 and 2.

Solution Autocorrelation function at lag 0 is 1. Hence,
po=1

For calculating the autocorrelation at lags 1 and 2, the covariance of the rainfall time
series (denoted as X;) with its 1- and 2-day lagged series (denoted by X,_; and X;_,,
respectively) is calculated. Let the covariance of rainfall series with its kth lagged
series is represented as cov,. Hence
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[ 2.89  7.397
7.39 23.88
23.88 10.59
10.59 5091
5.91 1.53
1.53  3.48
348 56.54
56.54 26.19
26.19  6.35
CcovV| = coV (X,, X,_l) = cov 6.35 38.09 = |:
38.09 0.01
0.01 3.03
3.03 41.57
41.57 44.73
44.73  21.39
21.39  15.87
15.87  1.22
1.22 21.75
| 21.75  0.21 ]

293.05 9.84
9.84 297.81

And the corresponding autocorrelation matrix at lag 1

[ 1 0033
10033 1

The off-diagonal member of autocorrelation matrix atlag 1 is autocorrelation function
atlag 1 (p;), hence
p1 =0.033

Similarly, the autocorrelation function at lag 2 (p,) is found to be (—0.282).

The autocorrelation function atlag 1 (p;) is supposed to follow normal distribution
with mean 0 and standard deviation 1/+/N — 1 = 0.229. Hence, the 95% confidence
interval for p; is given by:

[—0.229Z¢ 025, 0.229Z 25] = [—0.45, 0.45]

Similarly, the autocorrelation function at lag 2 (p,) follows normal distribution with
mean O and standard deviation 1/4/N —2 = 0.236. Hence, the 95% confidence
interval for p; is given by:

[—0.236Z¢.025, 0.236 Zy 025] = [—0.46, 0.46]

Example 9.7.2

The autocorrelation coefficients for a monthly streamflow time series at a gauging
station at lags 0, 1, and 2 are 1.0, 0.79, and 0.52 respectively. Estimate the partial
autocorrelation at these lags. Also, check whether the partial autocorrelation at lag
2 is significant or not at 5% significance level. Assume the data length to be 60.
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Solution Partial autocorrelation function at lag 0 is 1. Hence,
wo =1

According to Yule—Walker equation (9.40), the partial autocorrelation at lag 1 (¢)
is given by
Y1 =p1 = 0.79

Similarly partial autocorrelation at lag 2 (¢,) can be calculated using Yule—Walker

equation as
L[| @] _|m
p1 1 D, )
or, ®; + 0.79®, = 0.79 and 0.79®; + d, = 0.52
or ®; = 1.00 and ¥, = —0.28

Hence, @, = ®, = (—0.28)

Test for Significance of ¢,

Null Hypothesis: Partial autocorrelation is not significant, i.e., ¢, = 0
Alternative Hypothesis: @, # 0
Level of Significance: oo = 5%

As partial autocorrelation at lag 2 is expected to follow normal distribution with
mean 0 and standard deviation 1 / N —k =0.131 (as N = 60 and k = 2). Hence,
at 5% significance level the critical value of autocorrelation at lag 2 is given by,

Z@/)
+———= = +1.96 x 0.131 = £0.26
VN =2
Since partial autocorrelation at lag 2 (i.e., —0.28) falls in critical zone

(=00, —0.26] U [0.26, 00)), the null hypothesis is rejected. Hence, the partial auto-
correlation at lag 2 is significant.

9.7.2 Statistical Operators on Time Series

Backward Shift Operator

Backward shift operator or Backshift operator (represented as B(e)) returns the
immediate previous value of time series. For a time series X (¢), backshift operation
is represented by:
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BX(t)=X@t-1)
B’X (1) = X(t —2) (9.46)
B"X(t) = X(t —n)

Forward Shift Operator

Forward shift operator (represented as F(e)) returns the immediate next value of
time series. It works opposite of backshift operator, and thus, also represented as
B~!. For a time series X (¢) it is represented by:

FXt)=B'X(t)=X@t+1)
F2X(t)=B?X(t) =Xt +2) (9.47)
F'X(t)=B"X(t) = X(t +n)

Difference Operator

Difference operator returns the difference of the current and previous time step value
in a time series. It is expressed as:

V(X)) =(—-BX®) =X0)—Xt—1)
VXX () = (- B)?*X(®1) =(—-2B+ B)X(1)

=Xt —-2Xt -1+ Xt —2) (9.48)
V'X(t) = (1 — B)"X(t)

Moving Average—Low Pass Filtering

Moving average (also known as rolling or running average) tries to reduce the short-
term fluctuations in time series by taking the average of the neighboring (say n)
values of the time series. Moving average works as a low pass filter and reduces the

high-frequency oscillation in the time series. A n term or n window Moving average
is expressed as:

1
Y(n) = ;(X(1)~I—X(2)+~-~~I—X(n))

1
Yt D)= ~(X@+XG) + -+ X+ 1) (9.49)

Y(t+n—l):%(X(t)+X(t+l)+~-~+X(n+t—1))
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In the above equations, the moving average is assigned at the end of the window over
which average is captured. Sometimes, the moving average values are assigned to the
central value of the window selected. As the window of moving average increases,
the time series Y (¢) gets smoother, i.e., low pass filtering effect of moving average
increases with increase in terms being used for averaging (n).

Differencing—High Pass Filtering

Differencing is a high pass filtering method that removes low-frequency oscillation
from the time series. The nth-order differencing is expressed as:

Yi))=X@)— Xt —-1) forr =2,3,...
L) =Y(@t)—-Y(t—1) fort =3,4,...
Y, &)=Y, 1) —Y,_1t—1) fort=n+1,n+2,... (9.50)

Differencing can be used transforming the time series into normal distribution and
hence, differencing is also considered as ‘whitening filter’.

Example 9.7.3

For the rainfall time series given in Example 9.6.1, calculate a moving average with
window 2 and first order differencing. Check their respective behavior of being a low
and high pass filter by visualizing the results.

Solution Let us represent rainfall series as X. The moving average series with win-
dow 2 (Y) is expressed as

1
Y1) = 5(X(t)+X(t+ 1)) fort=1,2,....,(n—1)
Similarly, the 1st-order differencing series (Z) is given by,
Z)=X@)— Xt —1) fort =2,3,...,n
The moving average and differencing series are assigned at the end of window.
The calculation is shown in Table9.3. From Fig.9.6, the moving average series is
smoother than rainfall (the peaks have reduced), thus moving average acts as a low

pass filter. However, the differencing operator shows higher values corresponding to
peak and hence acts as high pass filter.
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Table 9.3 Rainfall series and its moving average and differencing series

Rainfall Moving average window 2 1st-order differencing
2.89
7.39 5.14 45
23.88 15.63 16.49
10.59 17.23 —13.29
591 8.25 —4.68
1.53 3.72 —4.38
3.48 2.505 1.95
56.54 30.01 53.06
26.19 41.36 —30.35
6.35 16.27 —19.84
38.09 2222 31.74
0.01 19.05 —38.08
3.03 1.52 3.02
41.57 22.3 38.54
44.73 43.15 3.16
21.39 33.06 —23.34
15.87 18.63 —5.52
1.22 8.545 —14.65
21.75 11.48 20.53
0.21 10.98 —21.54
Fig. 9.6 Rainfall along with 100

its moving average with
window 2 and Ist-order
differencing

Magnitude

Original Rainfall Series
- - - -Moving Average with window 2
. 18t

order Differencing
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9.7.3 Properties of Time Series Models

Stationary and Non-stationary Time Series Models

A stationary model assumes that the process remains in equilibrium in terms of
its statistical properties over time. Hence, stationary time series models have finite
variance. For using the stationary model on any time series, the time series is required
to be stationary (i.e., statistical properties remain same over time). On the other hand,
non-stationary model do not assume that the process is in equilibrium with respect
to its statistical properties over time. Suppose that there is a mathematical model that
takes white noise (normally distributed uncorrelated series with zero mean, (¢)) as
input and model the time series X (¢). This type of model is called linear filter and
represented as:

Xt)y=pu+e)—01e(t—1)—0e(t —2) — - = pu+ 0(B)e(t) 9.51)

where p is the mean of X (¢), 6; is ith parameter of model, and §(B) = 1 — 6,B —
0,B>—- .. =0y—0,B—0,B>— .. with (§y = 1)is a function of backshift operator

also called transfer function of the linear filter. If the absolute summation of sequence
oo

of parameters is finite < 10;] < oo) , then the model is stationary and model is in

i=0
[e ]
equilibrium around the mean . It should be noted that the condition Y_ |6;| < oo

i=0
also employs that all roots of #(B) = 0 fall outside the unit circle, i.e., |B| > 1.

Invertibility

Invertibility is another property of the time series model. Non-stationary models can
also be invertible or vice versa. A time series model is called invertible if error can be
expressed as function of backshift operator over the time series with finite variance.
Hence, a model that can be expressed in the form of,

(1—® B —®B>+..)X () =<(1)
O (B)X (1) = £(1) (9.52)

[}

isinvertible, if the absolute sum of its parameters converges | Y |®;| < oo |.Invert-
j=0

ibility is also ensured if all roots of ®(B) = 0 falls outside the unit circle, i.e.,

1B > 1.



9.7 Time Series Modeling in Hydroclimatology 331

9.7.4 Auto-Regressive (AR) Model

Autoregressive model tries to estimate the current value of time series using linear
combination of weighted sum of previous values of the same time series. AR models
are extensively used in hydroclimatic time series as current values of the time series
are expected to be affected by the previous values. This characteristic of hydroclimatic
variables is also referred as memory component. The number of lagged values being
considered (say p) is called order of AR model. pth-order AR model (AR(p))is
given by

14
X(0) =) Xt —i)+e) (9.53)

i=1
where ®;(fori € {1,2,..., p}) are called autoregressive coefficients and £(¢) is

uncorrelated identically distributed error with mean zero, also known as white noise.
Time series X (¢) is obtained after removing the deterministic components like trend
and periodicity. Using the backshift operator ARMA(p) can also be written as,

X(1) — ®1B(X(1)) — 2B (X (1)) — -+ — ®,B (X (1)) = (1)
or, ®(B)X (t) = e(t) (9.54)
where ®(B) =1 — ®,B — ®,B> — -+ — &, B? for AR(p) model.

As an initial guess, the order p is decided from partial autocorrelation function.
Number of lags for which partial autocorrelation is significant is considered as p.
Hence, for a AR(p) model, all partial autocorrelation with lag more than p should
be zero and autocorrelation decays exponentially to zero. Different AR models are
fitted using the slight variation in initial guess of AR order, the best model out of all
fitted models is chosen on the basis of their parsimony (Sect.9.7.10).

Following assumptions are made while developing an AR model.

EE@) =0 (9.55)
EEWett —k) = ECOX(t —k) =0  fork=1,2,....p  (9.56)

For an AR model, the coefficient of determination is given by

’ P Var(e)
R? = ;q),p, =1 Var (D (9.57)
The parameters of a pth-order AR model are obtained by Yule—Walker equations.
Yule—Walker equations are derived by taking expectation of p different equations
obtained by multiplying lagged values of time series, i.e., X(t — 1), X(t — 2),
..., X(t — p) with the general form of AR model given in Eq.9.53. The Yule-
Walker equations are given by
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I pt p2 oo ppa D, p1

pr 1 ppoppoa ®, P2

p2 p1 1 pps D3 | — | p3 (9.58)
Pp=1 Pp—2 Pp-3 ==+ 1 o, Pp

where p; is autocorrelation coefficient at lag i. It should be noted that py = 1, hence,
the above Yule—Walker equation can also be written as:

Po P1 P2 ... Ppoi D P1
pPropo P2 pp2 || P2 P2
P2 P po o pp3 || P = | P
Pp—1 Pp-2 Pp-3 "+ PO <Dp Pp
14
or, > pii®i = pi (9.59)
i=1

It should be noted that @, is the partial autocorrelation at lag p (¢),).

Properties of AR Model

Stationarity: The developed AR model is required to be a stationary model. For a
stationary AR(p) model, the autocorrelation matrix for order p should be positive-
definite, i.e., determinant of all minors of the correlation matrix is positive. Hence,
for an AR(2) model

Po P1 P2
p1 po p2 | should be positive-definite.
P2 P1 Po
Po P1 P2
po > 0; Z?pl >0; | p1pop2| >0
P2 P1 Po
P2 —pi
p0>0;—1<p1<1;—l<p2<1;and—l<—21<l (9.60)

1

Using the above relationship, for an AR(1), to ensure stationarity ®; = p; and hence,
|®;| < 1. AR(1) model can be expressed using backshift operator as:
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X)) =Q, Xt —1)+e@)

X(1) = 1 B(X(1)) + ()

(I1-®B)X() =€)

S(BYX(t) = (1) (9.61)

The root of ®(B) = 0is B = 1/®,. For staionarity, the root of ®(B) = 0 should
fall outside the unit circle (Sect.9.7.3). This result is valid for AR model of higher
orders also. The equation ® (B) = 0 is called characteristic equation of AR model.

Invertibility: A model is called invertible if error can be expressed as func-
tion of backshift operator over the time series with finite variance (Sect.9.7.3).
In an AR model, the error can be related to time series by using a function of

P

backshift operator (Eq.9.61 with > |®;| < 00), hence, all stationary AR models
i=0

are invertible.

Example 9.7.4
Derive the nature of autocorrelation function for AR(1) and AR(2) models. Also find
the error variance and stationarity condition.

Solution First-order AR model
For time series X (¢), the first-order autoregressive model AR(1) is given by,

X(t) =D Xt — 1) + &)

From the Yule-Walker equation we can write,

I pt p2 ... ppa D, P
pr 1 p2 o pu %) P2
p p1 1 - pus D3| | p3
Pn—1 Pn—2 Pn-3 *** 1 (I)n Pn
For AR(1) model &, = &3 = --- = &, = 0. Hence, the autocorrelation function is
given by:
p1 = &y,

pr = ®1p1 = p?

pn = Pipp_1 = pf
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Hence, the autocorrelation function of AR(1) model decays exponentially to zero
for positive values of p;. For negative values of the autoregressive coefficient, the
autocorrelation function is damped and oscillates around zero.
The variance of the error series (o) is given by,
e)=X@t)—d Xt —-1)
E(c)’) = E[(X(®) = Xt — 1)?]

052 =0§( (1 —p%)

For stationary condition the roots of equation ® (B) should fall outside the unit circle.

1—-®B=0
1
B=—
D,

For |B| > 1, the ®; < 1, hence, for AR(1) to be stationary the autoregressive
parameter should be less than 1.

Second-order AR model
The second-order autoregressive model AR(2) has the form,

X(1)= O, Xt — 1)+ P2 X(t —2) + (1)

From the Yule—Walker equations,

L pt p2 -oi pu d, P1
pr 1 pp s pp D, P2
popt 1 s D3 | — | p3
Pn—1 Pn—-2 Pn-3 1 CI)n Pn
For AR(2) model &3 = &, = --- = &, = 0. Hence, the autocorrelation function is
given by:
p1 = P+ Papy

p2=D1p1 + Dy
3= P1pr+ Dopy

Pn = q)lpn—l + q)an—Z
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By solving the first two equations simultaneously, we get the following results,

p1(1 = p2)

@, = T2
=)
)
d)2:(P2 Pl)

For k > 2 the nature of autocorrelation function depends upon the values of ®; and
®,. For instance, if @% + 4P, > 0 and ®; > 0 then the autocorrelation function
decays exponentially to zero. However, if @% 4+ 4®, > 0 and ®; < O then the
autocorrelation function oscillates around zero. On the other hand, if Cb% +40, <0
then the autocorrelation function is damped.

The variance of the error series £(¢) can be calculated by taking expectation of its
square as done in the case of AR(1) model.

ol =0y (1= p1®1 — p2®2)

c =
For stationarity, the roots of equation ® (B) should fall outside unit circle.

1—®,B—®,B>=0

o £,/ + 4D,

B =

2P,
/2
Hence, for stationary AR(2) model |B| > 1 or ‘MTTTW > 1. Alternatively,

for an AR(2) model to be stationary, the autocorrelation matrix should be positive-
definite. Hence, the stationary criteria is also given as (Eq.9.60).

P2 —P%
<

—1l<p<li—l<p<l;and — 1< 5
1=p

Example 9.7.5
Check the stationarity for an AR(2) model, the parameters have been estimated as
CD] = 0.1 and CDz =0.2.

Solution In order to satisfy the stationarity condition, the roots of characteristics
equation should lie beyond unit circle,

®(B) =0

or,1 —®;B—®,B>=0
or,1-0.1B—02B>=0
or, B=2or (—2.5)
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The roots of the equation lie outside the unit circle, hence, AR(2) model with model
parameters ®; = 0.1 and ®, = 0.2 is stationary.

Example 9.7.6

Find out the model parameters for an AR(1) and AR(2) model if the estimated values
of the autocorrelation at first and second lags are 0.6 and 0.2, respectively. Compare
the AR models using the coefficient of determination. Also find the variance of
residual series by considering the variance of the time series to be 20.

Solution Case 1: AR(1) Model
Using the Yule-Walker Equation we can write,

d, =p; =06
The coefficient of determination is given by (Eq.9.57)
R*>=p @, =0.36
The variance of the residual series as,
o2 =0y (1—p®)=20(1-(0.6)°) =128

Case 2: AR(2) Model
Using the Yule—Walker equation (Eq.9.58),

L= 1]
o Lo [or] = 03]

Therefore, ®; = 0.75 and ®, = —0.25.
The coefficient of determination is given by

R2 = pl(bl +p2<I>2 =0.31
The variance of the residual series is given as,
o =0% (1 —p @ — pady) =20(1 —0.31) = 13.8

Hence, AR(2) model is marginally better than AR(1) model.

Example 9.7.7

For the sample inflow data given in the following table, determine the parameters of
an AR(2) model (assume that data is free from trend, periodicity, or jumps). Also,
find the variance of residual series.
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Year Flow Year Flow Year Flow
(x 100 m3/s) (x100 m3/s) (x 100 m3/s)
1 560 11 850 21 250
2 630 12 870 22 360
3 590 13 340 23 1200
4 660 14 560 24 950
5 580 15 190 25 880
6 490 16 250 26 560
7 300 17 380 27 450
8 350 18 670 28 320
9 470 19 990 29 170
10 900 20 840 30 580

Solution Following the methodology discussed in Example 9.7.1, the autocorrela-
tion function at lags 1 and 2 is

p1 = 0.408 and p» = —0.108

The parameters of AR(2) model can be calculated by using Eq.9.58.

Lol @] _|m

p1 1 || ®2 p2
or 1 0.408 @[ | 0.408
> 10.408 1 ®, | | —0.108

Solving the equation simultaneously, ®; = 0.54 and ¥, = —0.33.
The variance of the inflow time series is calculated as,

30 —
;(X(t)—X)

o = — 70456 x (100 m3/s)”

30—-1
The variance of the residual series is given by,
2_ 2
o =0y (1 —p1®1 — p2P2)
= 70456 (1 — 0.408 x 0.542 — (—0.108) x (—0.329))
= 52372 x (100 m’/s)’

9.7.5 Moving Average (MA) Model

In MA model, the current time series values are modeled using linear association with
the lagged residual values. The MA model of order ¢ considers g lagged residual for
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developing the model. In general, the gth-order moving average model is expressed
as:

q
X(t) = e(t) — Z 0;e(t — i) (9.62)

i=1

where 6; and e(t — i) are the MA parameter and residual at lag i respectively. Time
series X (¢) is obtained after removing the deterministic components like trend and
periodicity. The above expression for MA(g) model can be expressed in terms of
function of backshift operator as,

X(t) =¢(t) — 01B(=(1)) — 0,B>(e(t)) — - - — 6, BI(e(1))
or, X(1) = 0(B)X (¢) (9.63)
where 9(B) =1 —6,B — 6,B> — ... — 0, B4 for MA(g) model.

The assumptions for AR model (Egs.9.55 and 9.56) also hold for MA model.
Under these assumptions, the relationship between the variance of residual and
parameters of the MA model can be obtained by calculating expectation after squar-
ing Eq.9.62. The relationship is expressed as,

2

2 9x
= 9.64
’ (I+67 405+ +62) e

where 052 and crg( are variance of residual series and time series, respectively. Hence,
the coefficient of determination (R?) for a MA(g) model is expressed as,
a2

1
R2=1_—2=1_ 2 2 2
o2 (1+63+03 4 +062)

(9.65)

Using the MA model given in Eq.9.62, time series value at k lag can be written as:

q
X(t—k)=e(t—k) — Z O;c(t —k — i) (9.66)

i=1

The expectation of product of Egs. 9.66 and 9.62 and using the assumptions (Egs. 9.55
and 9.56) gives:
—0Ok +4§< 0; Or+i
—=  fork=1,2,...,
m=1 ure I (9.67)

i=1

0 fork > g

Parameters of an MA model can be estimated by solution of the above equation. The
order of the MA model is estimated on the basis of autocorrelation function. The
number of lag for which the autocorrelation function is significant is taken as order of
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MA model as an initial guess. With a little modification in the initial guess, number
of different MA models with different model orders are fitted and then checked for
parsimony of model (Sect.9.7.10). The model that is most suitable on the basis of
parsimony is selected.

Properties of MA Model

Stationarity: The variance of MA model is given by Eq. 9.64, which is finite for finite
number of parameters. Hence, a finite MA process is always a stationary model.

Invertibility: The roots of characteristic equation of MA (6(B) = 0) should lie
outside the unit circle, i.e., |B| > 1. Sometimes, the parameter estimation for MA
model may result in more than one solution for a single parameter (due to nonlin-
ear nature of equations). In such cases, invertibility criteria should be checked for
selecting the appropriate parameter values.

Example 9.7.8
Derive the nature of partial autocorrelation function for MA(1) and MA(2) models.
Also find the error variance and invertibility condition.

Solution First-Order Moving Average (MA(1)) model
An MA(1) model for a time series X (¢) is given by,

X(@t)=¢e@)— 01t —1)

The autocorrelation function for MA(1) model is given as (Eq.9.67),

0
Pl =— 77—
(1+06:%)
—1£,/1- 4pf
o, /) =——7F———
2p1

This equation gives two estimates of MA(1) model coefficient §;. However, the
value that will conserve the invertibility condition will be used as estimate of 6. For
invertibility, the roots of characteristic equation (#(B)) should lie outside the unit
circle.

0(B) =0
or,1 —6;B=0

1
or, B=—
1
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As |B| > 10 |6;| < 1. For an MA(1) model, the partial autocorrelation function
(PACF) is given by,
L B
=T 62D

Hence, partial autocorrelation function for MA(1) model decays exponentially for
positive 6. However, for negative 6}, the partial autocorrelation function oscillates
and damps around zero.

Second-Order Moving Average (MA(2)) model
An MA(2) model for a time series X () is given by,

X(t)=¢e(@) —0O1e(t — 1) — Ore(t — 2)

The autocorrelation function for the MA model with order 2 is given as (Eq.9.67),

=01 -6
A s
P T e e

These equations give two estimates of MA(2) model coefficients (6, and 6,). How-
ever, the value pair that will conserve the invertibility condition will be used as esti-
mate of 01 and ;. Further, the partial autocorrelation function is given by (Eq.9.58):

$1 =p1
02 _P— P%
I—pf

s = Py — p1pa(2 — p2)
1—p3—2p7 (1 = p2)

The nature of PACF for MA(2) is similar to the nature of ACF for AR(2) model. The
PACF for MA(2) decays exponentially or damps with oscillation depending on the
sign and magnitude of the MA model parameters.

For invertibility, the roots of characteristic equation (#(B)) should lie outside the
unit circle.

0(B)=0
or,1 —0,B—6,B>=0

0) + /07 + 46,

7B=
or 0,
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/02
As |B| > 1, Hence % > 1, or
0, +6, <1
92—91 <1
—1<6, <1

Example 9.7.9
Prove that MA(1) model is equivalent to AR(co0) model.

Solution A MA(1) model for a time series X () can be expressed as:

e(t) =X(t) + 01t — 1)
=X +0(X(@—1)+ 0t —2))
=X +6,(X@—1)+6,(X({t—3)+ 0t —3)))

:i@jxg —1i)
i=0

Hence, a MA(1) model is equivalent to AR(co) model.

Example 9.7.10
Prove that AR(1) model is equivalent to MA(co0) model.

Solution For a time series X (#), an AR(1) model can be expressed using backshift
operator as following

X (1) =@, B(X (1)) + (1)
=®, (0, B*(X (1)) + B(c(1))) + (1)
=® (0, (DB (X (1)) + B*(c(1))) + B(e(1))) + (1)

- Z ®' B (c(1))

i=0
Hence, an AR(1) model is equivalent to MA(co) model.

Example 9.7.11
Check the invertibility condition for a MA(2) model, the parameters have been esti-
mated as #; = 0.2 and 6, = 0.5.

Solution In order to satisfy the stationarity condition, the roots of following equation
should lie outside the unit circle,
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0(B) =0
or,1—6,B—6,B>=0
or,1 —02B —0.5B>=0
or, B=(—1.628) or 1.228

Both roots are lying outside the unit triangle (|B| > 1), so the MA(2) model with
parameters ¢; = 0.2 and 6, = 0.5 is invertible.

Example 9.7.12
The first and second parameters of a MA(2) model are 0.65 and 0.3, respectively.
Calculate the values of the ACFs and PACFs.

Solution The values of the ACFs can be evaluated using Eq.9.67.

_—0.65(1-03)
T 140.652+03%

~0.3
= = _0.198
140.65% + 0.3

P1 —-0.3
P2
The values of the PACFs can be evaluated using Eq.9.58.

o1 =p1 = (=0.3)

2
o =227 = (—0316)
1 —py
3 _ 2 _
s pi— p1p2(2 — p2) — (—0211)

1= =207 (1= p)

9.7.6 Auto-Regressive Moving Average (ARMA) Model

Auto-Regressive Moving Average (ARMA) Model is a linear regression model in
which current value of time series is estimated using lagged values of time series
and the lagged values of residuals. ARMA model is a combination of autoregressive
(AR) and moving average (MA) models. In general, ARMA model with pth-order
AR model and gth-order MA model (also represented as ARMA(p, q)) is expressed
as:

P q
X(0) =) oX@t—i)+e(t)— ) Ot —i) (9.68)

i=1 i=1
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where ®; and 6; represent the autoregressive and moving average parameters.
ARMA(p, q) is also represented as,

O (B)X (t) = 0(B)e(t) (9.69)
where @ (B) is characteristic function of AR(p) model (i.e., ®(B) = 1 — &B —
&yBr — .. — ®,B”) and 0(B) is characteristic function of MA(g) model (i.e.,
0(B)=1—0,B—60,B>—---—0,B9).

Properties of ARMA Model

An ARMA model is composed of AR and MA model, so it inherits the properties of
these models. Any ARMA model of order (p, q) is stationary if AR(p) is stationary
(Sect.9.7.3), i.e., corresponding characteristic equation ®(B) = 0 has roots outside
the unit circle (|B| > 1). Similarly, ARMA (p, g) is invertible (Sect.9.7.3), if the
characteristic equation for MA(g), i.e., (B) = 0 has roots outside the unit circle.

Selection of Order of ARMA Model

The estimation of order of ARMA model is done using various methods. Two of
those methods are discussed below:

(a) Order selection based on ACF and PACF: The order of the autoregressive com-
ponent (p) is decided (initial guess) by using PACF. For an AR model, if first p
partial autocorrelation coefficients are significant at given level of significance
and the autocorrelation function is exponentially decaying, then order is taken
as p. The confidence interval of partial autocorrelation function is given by
Eq.9.44. Similarly, order of moving average component (g) depends upon the
number of significant ACF of the time series. If the first g partial autocorrelation
functions are significant and autocorrelation function is exponentially decreas-
ing for a time series, then the order of MA model is taken as g. The significance
of autocorrelation function at any lag (say k) can be judged using Eq.9.36.

(b) Order selection using canonical correlation analysis: For estimating the ARMA
model order for time series X (#) using canonical correlation analysis, two data
sets Y, = [X(OX(t— 1) ... Xt —m)]" and Yy, = [X (¢ — j — DX (1 —
j—2)..X@t—-—j—m— D]” for various combinations for m = 0, 1, ...
and j =0, 1, ... are considered. Using canonical correlation analysis, different
linear combination (loading vectors) of the two data set can be calculated such
that it maximizes the correlation coefficients for similar loading vector pairs.
Hence, if a! and b] are loading vectors for Y, ; and Y,, ,—;_, respectively, then
correlation between a; Y,,, and b} Y, ,_;_; is maximized if i = k, otherwise
they are uncorrelated. Thus, for m > p there exists one linear combination of
Ym,t
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p
X)) =Y Xt —D)=[1¢%1¢2...¢,0...01¥, =a Yy, (9.70)

i=1
such that,

q
al Yoo =e(t) =Y et — i) (9.71)

i=1

which is uncorrelated with other linear combination of b/ Y, ,—j—1 (b] =
[16;...6, 0...0] for k # i being the loading vector for Y, ,_;_i) for
J > q.Hence, the presence of zero or insignificant canonical correlation loading
(p <mandg < j) between Y,,, and Y,, ;_,_; for various values of m and j
helps in determining the order (p, g) of ARMA model.

It should be noted that the above two methods can be used for initial guess for the
order of ARMA model. One needs to generate different ARMA models considering
the some variation in the guessed order. The final selection of the most appropriate
model order is done based on parsimony of the developed model. A parsimonious
model aims to utilize a minimum number of parameters and adequately reproduce
the statistics with the least variance. Parsimony of the model is measured using either
Akaike Information Criteria (AIC) or Bayesian Information Criteria (BIC), which is
discussed in Sect.9.7.10.

Parameter Estimation of ARMA(p, ¢g) Model

Parameters of ARMA(p, ¢g) model (as expressed in Eq. 9.68) can be estimated either
by principle of least square or maximum likelihood. These methods are discussed
below

Principle of least square: In this method, the Sum of squared residuals is
minimized to get an estimate of ARMA model parameters. In terms of residual
ARMA(p, q) is expressed as:

P q
5(t)=X(t)—ZCDiX(t—i)—i-ZGis(t—i) (9.72)

i=1 i=1

Parameter estimation via maximum likelihood: Maximum-likelihood relation
of expectation of different moments can be used for parameter estimation. For
instance, some of the Maximum-likelihood relationships are expressed as:

AR(1)

1— @2
Var(®)) ~

(9.73)
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AR(2)

1— @3

Var(®,) >~ Var(®,) =~

D (1 + Py)
n

Cov(dy, ;) ~ —

)
Hence, correlation between ® and &, =~ —7 1q> =—p
— D,
MA(1)

1 —6?
Var(0;) ~ !

MA(2)

1 - 63

Var(Hl) ~ Var(@z) ~

0;(14+0
Cor(0y, 05) ~ _u

Hence, correlation between 6 and 6, >~ —

ARMA(, 1)

1—®2 /1—d6,\°
Var(@) = — 1<q>1_‘911)

1—6% [1—d6,\°
Var(6,) ~ n1<<l>1—1911>

(1=6H(1 =D - 6,P)

n(®; — 61)?
JA =) (1 — %)

1—01d>]

COU(@], 91) ~

Hence, correlation between ®; and 6, ~
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(9.74)
(9.75)

(9.76)

9.77)

(9.78)
(9.79)

(9.80)

(9.81)

(9.82)

(9.83)

(9.84)

Example 9.7.13

Check for stationarity and invertibility conditions for an ARMA(2, 2) model, if the

model parameters are &; = 0.3, &, = 0.5, 6, = 0.3, and 6, = —0.5.
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Solution Check for Stationarity Condition
®(B)=0
or,| —®B— B> =0
or,1 —03B —0.5B>=0

The roots of the equation are (—1.746) and 1.146. As both the roots lie outside the
unit circle (|B| > 1) therefore, the parameters satisfy the stationarity condition.

Check for Invertibility Condition
0(B)=0
or,1 —6,B—6,B>=0
or, 1 —0.3B+0.58* =0

The roots of the equation are 0.3 £ 1.382i. As |B| > 1 therefore, the parameters
satisfy the invertibility condition.

9.7.7 Autoregressive Integrated Moving Average (ARIMA)
Model

Autoregressive Integrated Moving Average (ARIMA) model is used for modeling
non-stationary time series. The time series is transformed to a stationary time series
by using a series of differencing operator. ARMA is then applied on the resulting
time series. If p is the order of autoregressive model, d is the order of differencing
operator and ¢ is the order of moving average model then the ARIMA is represented
as ARIMA(p, d, q). In general ARIMA(p, d, q) is expressed as:

®(B)VIX (1) = O(B)e(r) (9.85)
where X (¢) is non-stationary time series. (B) =1 — & B — dyBr— - — ®,B?
and9(B) =1—6,B — ,B> — ... — 0, B4 are characteristic functions for AR(p)

and MA(g) model, respectively. V represents the differencing operation. The order
of differencing (d) is decided based on the stationarity of resulting time series. The
autoregressive and moving average orders and parameters of the ARIMA are decided
in the same way as in ARMA. As after differencing in ARIMA the time series
is stationary and ARMA is then used, so stationarity and invertibility criteria for
ARIMA are same as that of ARMA. For stationarity and invertibility of ARIMA
model, the root of equations ®,(B) = 0 and ¢,(B) = 0 should lie outside unit circle
(Sects.9.7.3 and 9.7.3).
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Example 9.7.14
Fit an ARIMA(2,1,0) model over the data provided in Example 9.6.1.

Solution For fitting ARIMA(2,1,0), 1st differencing of the precipitation time series
is needed (Table9.3). The ARMA(2,0) or AR(2) model is fitted on the time series
obtained after differencing.

Covariance matrix at lag 1 for the differencing series (Table 9.3) is given by:

450  16.497]
1649  —13.29
—1329  —4.68
—468  —4.38
—4.38 1.95
195  53.06
53.06  —30.35
~3035  —19.84
covs —coy | | 1984 3174 :[576.32 —193.55}
3174 —38.08 —193.55  603.41
—38.08 3.02
3.02 3854
38.54 3.16
3.16 2334
—2334 552
—5.52  —14.65
—14.65 2053
| 2053 —21.54 |

and the corresponding autocorrelation at lag 1 = —193.55 / A/ (576.32 x 603.41) =
—0.328.
Hence, p; = —0.328. Similarly,

[ 587.21 —211.08
COV2 =1 _211.08 622.24

and the corresponding autocorrelation matrix at lag 2, po = —0.349. For AR(2)
model, the parameters are given by Eq.9.58:

BAEA

or I 0328 || ®;|_ |—0.328
71 -0.328 1 D, | [ —0.349
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Hence, ®; = —0.239 and ®, = 0.27. Thus, the model is expressed as
Y()=-0239Y( — 1)+ 0.27Y(t — 2) + <(¢)

where Y () = X (1) — X(t — 1).

9.7.8 Autoregressive Moving Average Model with Exogenous
Inputs (ARMAX)

The models discussed above, i.e., AR, MA, ARMA, and ARIMA are developed using
the information from the same time series, and these models do not consider any other
variables/time series. However, in many cases in hydroclimatology, the time series
under study (say precipitation) associated with other influencing time series (like
air temperature, pressure), etc. Hence, for modeling these kind of interrelationships,
the model should be able to use the information from the causal variable/time series
known as exogenous input. Autoregressive Moving Average Model with Exogenous
Inputs (ARMAX) consists of an ARMA model and weighted sum of lagged values
of exogenous time series. For an ARMAX model, if the r lagged value of exogenous
time series is used and the ARMA part is of order (p, q), then the ARMAX model is
said to be of the order of (p, g, r). In general, ARMAX model with order (p, g, r)
is expressed as:

P q r
X() =) & X(t—i)+e)— Y et —H+Y hlt—k  (9.86)

i=1 j=1 k=1

where X (¢) is stationary time series. ¥ (k = 1,2, ..., r) is the weighting coeffi-
cients associated with lagged values of exogenous stationary time series I (¢). ®;
i=12,....,p)and 0; (j = 1,2, ..., q) are autoregressive and moving average
parameters, respectively.

Estimation of ARMAX Parameters

The parameters of the ARMAX model are estimated by minimizing the sum of square
of prediction errors. Sum of square of prediction errors for Eq.9.86 is given by:
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D0 =) (X1 - X))

14 q r
=Y X0 =D eixt—i)+) 0t —j) =Y il (t —k)
i=1 j=1 k=1

(9.87)

2

For minimizing the Sum of square error, the above equation is partially differentiated
with respect to each parameter and is equated to zero. Hence, a total of following
(p + g + r) equations is obtained.

2
62;%9”:0 fori=1,2,...,p
2
({)Za(#zo forj=1,2,...,q (9.88)
J
2
8228(%:0 fork=1,2,...,r
k

Simultaneous solution of all above equations will provide the estimate of parameters.

Identification of ARMAX Orders

With a initial guess of p, g, and r and its variation, a number of ARMAX model can
be estimated. The identification of most suited ARMAX model is done on the basis
of following three criteria:

(a) The prediction focus or the model fit (MF)
(b) The Mean Square Error (MSE) function
(c) The Akaike’s Final Prediction Error (FPE).

Let X (1) represents the estimated time series using ARMAX model for observed
time series X (¢). The MF and MSE are expressed as,

\/ . (f((z) - X(z))2

\/Z?ﬂ <)A((f) - ?_())2

1 ~ 2
MSE = - 3 (X(t) - X(t)) (9.90)

i=1

MF =100 | 1

(9.89)

where X represents the mean of observed time series X () and n is number of
observations in X (¢). Higher value of MF is considered favorable. However, the
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lower value of MSE indicates better model performance. The range of MF is 0 to
100%, whereas MAE may vary form O to cc.

Akaike’s Final Prediction Error (FPE) compares both the error or residual of the
model and effect of number of model parameters. FPE is given by,

(9.91)

1
FPE = V <M>

1 —m/n

where m is the number of estimated parameters, i.e., p + g + r, n is number of
observation in time series X (#) and V is loss function. Mathematically, the loss
function is the determinant of error or residual series (¢(¢)). Hence,

V = det(cov(e(t))) (9.92)

If m < n, the FPE is approximated as,
2m
FPE=V (1 + —) (9.93)
n

The range of FPE is 0 to co. The smaller the value of FPE is, the better is the fitted
model.

9.7.9 Forecasting with ARMA/ARMAX

Forecasting is the process of estimating future values of a time series, often using
the past (or lagged) values of the same or other causal time series. Forecasting of
hydroclimatic variables is important for making future plans/policies or preparedness
for future extremes, if any. For instance, flood prediction system can be used for as
early warning system and hence helps in evacuation. The procedure of forecasting can
be used to estimate the past values of time series, this process is called hindcasting.

The forecast depends on the time step till which the information is being used
(also known as origin of forecast). The difference in time step for which a forecast
is made and the origin of forecast is called lead period. With the increase in lead
period, the utility of forecast increases. However, the uncertainty in forecast also
increases with increase in lead period. Hence, a suitable lead period can be used
as compromise between two contrasting requirements. Further, a forecasting model
can be static or dynamic. For static forecasting model the parameters once estimated
do not change with time. However, for dynamic forecasting model the parameters
change with time. The change in parameters of dynamic forecasting model tries to
incorporate the information available in new observation(s) if any to enhance the
prediction performance.
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ARMA (or similar models) can be used for forecasting of hydroclimatic time
series. In general, ARMA model is given by (Eq.9.69):

O (B)X(t) = 0(B)e(t) (9.94)
where @ (B) is characteristic function of AR(p) model (i.e., ®(B) = 1 — &B —
&yBr — .. — ®,B”) and 0(B) is characteristic function of MA(g) model (i.e.,
0(B)=1—0,B—60,B>—---—0,B9).

The forecast at a lead period of / with origin of # can be obtained using following
relationships.

Xt +1) =01 Xt +1— 1)+ DXt +1—2)---+ DXt +1— p)
— Ot +1—1) —Ope(t +1—2) - —Oget +1 —q) + et + 1)
Rt + D) =EX;(t +1D) = O 1 Xt +1— 1)+ DX (1 +1—2) -+ PpX(t +1— p)
— 01t +1—1) = Ore(t +1—2) - —Oge(t +1 — q) (9.95)

where ¢ is considered current time step or origin for forecast and / is lead period.
Forecast depends on origin, hence, with new observations available (shift in origin)
the forecast needs to be updated. The updated forecast can be obtained using the
Eq.9.94. One alternate method of correcting the forecast is to utilize the difference
(or error) in new observation and its earlier forecast. This process is described as
follows. Suppose that X, (t 4+ ) and X, (¢ + [) are two different forecasts for time
step (¢ +1) using the information till #th and (z 4 1)th time steps. These forecasts can
be represented in the form of linear function of deviations or residuals as following:

Xip1(t+1) = Njet + D) + Ajie(@) + Aot — D) + -
X,(t+1) = Njp1E(0) + A jae(t — 1) + - -
or, Xpp (1 +1) = Nje(t + 1) + X, (t + 1) (9.96)

where j = [ — 1. The parameter \; can be obtained using following equation:
A=PA g+ PN o+ DA, — 0 (9.97)

where ®; and 6; are i th autocorrelation and moving average parameters from Eq. 9.94.
A =1, =0for! <0and 6 =0 forl > q. Hence, the correction parameters
(A;) are given as:

N =1 (9.98)
PO — (9.99)
=P\ +D — 0, (9.100)
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3
A\ = Z D \3_; — 05 (9.101)
i=1

k
M=) DN — O (9.102)
i=1

These parameters \; for j € {0, 1, 2, ...} depend upon the fitted model, not on the
values of time series and do not change with new observations.

Confidence Interval of Forecast

Forecast at future time step ¢ + / using the information of time series till ¢ time step
has some uncertainty associated with it. The mean of time series (X (¢)) can also be
taken as the forecasted value, i.e., X, (¢t + [). The forecasted values are assumed to
follow normal distribution. The standard deviation of the forecast can be estimated
by calculating expectation of square of Eq.9.96. The variance of forecast with lead
-1
period (1) is given by | > /\5) 2. Hence, the confidence interval of the forecast
j=0

with lead period of I at « level of significance is given by:

-1
1+ Z )\%, X,(l‘ +1)+ Z(a/z)O'g

j=1

Xt +1) - Z(a)2)0¢

-1
1+ N2
j=1

(9.103)

where Z(,,7) is standard normal variate at (1 — «/2) x 100% probability. It can be
observed that with increase in forecast step the variance and hence the confidence
interval of the forecast increases very fast. So, forecast with longer lead period has
more uncertainty involved with them compared to shorter lead period forecast.

Analysis of Forecast Errors

Forecast errors are the measure of the deviation of forecast from the observation.
Suppose that for a time series X (¢) if X (¢ 4+ [) is observation and corresponding
forecast value using the time series information till time step ¢ is X, (¢ + [) then the
forecast error can be expressed as one of following statistics:

(i) Mean Square Error: This statistics represents the mean square deviation of
forecasted values from the observed values of time series.

N
MSE = = 3 00 +1) — K6+ D)) 9.104)
=1
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(iii)
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where N is the number of elements in forecasted series X (4 1).

Mean Absolute Percentage Error: This statistics represents the mean percent-

age deviation of forecasted values with respect to the observed values of time

series.

X(t+D— Xt +1)
Xt+1)

100
MAPE = ~ Z (9.105)

=1

where N is the number of elements in forecasted series X (t+1).
Mean Absolute Error: This statistics represents the mean absolute deviation
of forecasted values from the observed values of time series.

N
1 )
MAE = — ‘Xt—i—l — R +1 9.106
N ( ) t( ) ( )

where N is the number of elements in forecasted series X (4 1).

Example 9.7.15
Daily rainfall depth (X (¢) in mm/day) at a location is found to follow an ARMA(3,1)
model given by:

X(t) =09X(t — 1) +05X( —2) —03X(t —3)+2(t) —0.3e(r — 1)

If daily observed values of time series X () for a week are 0, 8.4, 11.84,16.52, 17.12,
21.20, and 16.85, then

(a)
(b)
(©)

(d

Forecast daily rainfall depth for next week.

If next observed value in X (¢), i.e., X (8) is 14.70mm then update the forecast.
Assuming the variance of residual to be 5, calculate the variance of the forecast
with lead periods of 1, 3 and 5.

Find the mean absolute deviation of forecast (with origin at X (7)), if the observed
rainfall for 8th—14th days are 14.7, 10.5, 6.7, 13.0, 0, 0, 2 respectively. Compare
it with the mean absolute deviation of forecast made at origin 8.

Solution

(a)

From the observed values of series X (¢), the error series can be calculated with
assumption that first three errors are assumed to be zero. Hence, (i) = 0 for
ie{l, 2,3}

£(4) =X4) — 0.9X@ — 1) — 0.5X(4 —2) + 0.3X (4 — 3) + 0.32(3)
=16.52—0.9 x 11.84 — 0.5 x 8.40 = 1.664

£(5) =X (5) — 0.9X(4) — 0.5X(3) + 0.3X(2) + 0.32(4)
=17.12—- 0.9 x 16.52 — 0.5 x 11.84 + 0.3 x 8.40 + 0.3 x 1.664 = —0.649
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Similarly, €(6) = 0.889 and £(7) = —5.567. The forecasts for next 7 days can
be obtained using Eq.9.95.

X+(8) =0.9X(7) + 0.5X(6) — 0.3X(5) — 0.32(7)

=0.9 x 16.85 + 0.5 x 21.20 — 0.3 x 17.12 + 0.3 x 5.567 = 22.30
X7(9) =0.9X7(8) + 0.5X (7) — 0.3X(6)

=0.9 x 22.30 + 0.5 x 16.85 — 0.3 x 21.20 = 22.135

Similarly, X7(10) = 26.016, X7(11) = 27.792, X7(12) = 31.380, X;(13) =
34.333 and X7(14) = 38.252.
(b) Now, the observed value of X (8) is 14.70, then residual for 8th day
e=X@®8)—0.9X(7) —0.5X(6) +0.3X(5) 4+ 0.3¢(7)
=X(8) — X7(8) = 14.70 — 22.30 = —7.6

The forecast can be updated using the new information provided as observed
value of daily rainfall for 8thday, i.e., X (8) by using Eq.9.96. We need to cal-
culate the correction parameters (\; fori € {0, 1, ..., 6}) by using Eq.9.97.

Ao =1

AM=9,—-60,=09-03=0.6

M= N +DP,—60,=09%x06+0.5-0=1.04

3
A3 = Z DA, —03=09%x1.04+05%x06—-0.3x1=0.936
i=1
4
A = Z DN\ — 04, =0.9%0.936+0.5x1.04—-0.3x0.6=1.182
i=1

5
As = Z D;As_; — 05 =0.9 x 1.182 4+ 0.5 x 0.936 — 0.3 x 1.04 = 1.220
i=1

6
A6 = ZCIDi)%_i —06 =09 x1220+0.5x 1.182 — 0.3 x 0.936 = 1.408

i=1

As A = 1,50 Xg(8) = X7(8)+\2(8) = 14.70 = X (8). The updated forecasts
are
X5(9) =X7(9) + \e(8) = 22.135 + 0.6(—7.6) = 17.57
X5(10) =X7(10) + \re(8) = 26.016 + 1.04(—7.6) = 18.11
Xs(11) =X7(11) 4+ M\3e(8) = 27.792 + 0.936(—7.6) = 20.68
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(©)

(d)
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X5(12) =X7(12) + Ae(8) = 31.380 + 1.182(—7.6) = 22.40
Xs(13) =X7(13) + Ase(8) = 34.333 + 1.220(—7.6) = 25.06
X5(14) =X7(14) + Aec(8) = 38.252 + 2.425(—7.6) = 27.55

The same forecast can be obtained by utilization of given ARMA model; how-
ever, this method has two advantages first being \;’s do not change with new
observation and correction to the forecast is done by adding some factor of dif-
ference of new observation and its old forecast. In ARMA, one needs to calculate
the error series repeatedly for + = 1 for updating any forecast, which makes it
cumbersome.

The variance of forecast with lead 1 is given by:

Varl = O'g =5
Similarly,
2

Vars = [ Y A3 | 02 =5(140.6" + 1.04%) = 12.21

j=0
4
Vars = Z A | 02 =5(1+0.6" + 1.04> + 0.936” + 1.182%) = 23.57
j=0

Hence, with increase in lead period the variance of forecast increases.
Mean Absolute error for the forecast made at origin 7 is,

,
1 ~

MAE; — _Z(X(7+1) - x7(7+1)‘ — 22.186
7 =1

Mean Absolute error for the forecast made at origin 8 is,
6
1 N
MAEg = - Y ‘X(S +1) — Xe(8 + l)‘ = 16.53
: I=1

Hence, it can be observed that inclusion of new observations leads to decrease
in forecast error.

9.7.10 Parsimony of Time Series Models

A parsimonious model should utilize minimum number of parameters and adequately
reproduce the statistics with least variance. Parsimony of the model can be used as
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selection criteria for the model if they are reasonably close in prediction performance.
Parsimony can be measured using following two criteria:

(1) Akaike Information Criterion: For an ARMA(p, ¢) model, the Akaike Infor-
mation Criterion (AIC) is defined as:

AIC(p, q) = NIn(a?) +2(p + q) (9.107)

where crf is Maximum-likelihood estimate of variance of the residual series with
N elements. The model with least AIC is selected.

(i) Bayesian Information Criterion: For an ARMA(p, g¢) model, the Bayesian
Information Criterion (BIC) is defined as:

oM
BIC(p,q) = NIn I +(+4g)n

)
p+q

where ¢ is Maximum-likelihood estimate of variance of the residual series, 0%
is variance of time series X (¢) with N elements and M = N — (p + ¢q). The
model with least BIC is selected.

For selecting the best-suited ARMA model from a pool of feasible ARMA models
(with different orders), AIC should be preferred over BIC.

Example 9.7.16
Calculate the Akaike Information Criteria for two AR models developed in Example
9.7.6. Assume that the length of time series is 40.

Solution For AR(1) model, length of residual series (N) =40 —-1 =39, p = 1
andg =0

AIC(1,0) = Nln(agz) +2(p+¢q) =39In(12.8) +2 = 101.42
For AR(2) model, length of residual series (N) =40 —2 =38, p=2andg =0
AIC(2,0) = Nln(af) +2(p +¢q) =381In(12) + 4 = 98.43

Hence, as per lower AIC criteria, AR(2) is a better model.

Example 9.7.17

Three MA models are developed for a time series having unit variance. The length of
time series is 50. The parameter for MA(1) model is 0.7. The parameters of MA(2)
model are ; = 0.3 and 6, = 0.45. The parameters of MA(3) model are 6, = 0.2,
6, = 0.3, and 03 = 0.37. Based on AIC criteria, select the best order for MA model.
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Solution For MA(1) model, length of residual series (N) =50 —-1 =49, p =0
and g = 1. The variance of error is given by (Eq.9.64)

, 1 1

ot —— = = 0.671
1462 14072

AIC(0, 1) = Nln(a?) +2(p+¢q) =49In(0.671) +2 = —17.55
For MA(2) model, length of residual series (N) =50 -2 =48, p=0and g =2

1 1
2 = = =0.774
S+ 607+603 140324045

AIC(0,2) = Nln(asz) +2(p+q) =48In(0.774) + 4 = —8.29
For MA(3) model, length of residual series (N) =50 —3 =47, p=0and g =3

I I
0= s = — = =0.789
T+ +02+02  1+022+032+037

AIC(0,3) = NIn(6?) +2(p + q) = 471n(0.789) + 6 = —5.13

Hence, as per lower AIC criteria, best order for MA model is 1.

9.7.11 Diagnostic Check for ARMA Models

Adequacy of an ARMA model can be checked by analysis of residual series (¢()).
The residual are the difference between observed and modeled time series. Most of
the models discussed in previous sections (AR, MA, ARMA, or ARMAX) are linear
regression models, so the residual series is assumed to be aperiodic, independent,
and identically distributed with zero mean. These assumptions about the residual
series are required to be checked for accessing the adequacy of model.

Test for Independence

The residual series is considered independent when the autocorrelation function
at nonzero lag is zero. This criteria can be checked using autocorrelogram or by
statistical test like Portmanteau lack of fit test. Portmanteau test statistic (Q) is
given by:

k
Q=NY (@) (9.109)

i=1
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where N is the length of residual series, p; () represent the autocorrelation in the
residual series, and k is highest lag considered, which is generally more than N /5.
The test statistic (Q) approximately follows x? distribution with (k —g — p) degree of
freedom. If O < X% (k — p — q) at a level of significance then the residual series can
be considered independent. Some researchers have proposed a modified statistics
(modified Ljung-Box—Pierce statistics denoted as Q) for this test. The modified
Ljung—Box—Pierce statistics is given by:

(pi(€))?
N—i

k
O=NWN+2))_ (9.110)
i=1

The modified Ljung—Box—Pierce statistic is also recommended to be used in Port-
manteau test as it follows x?(k — p — ¢) better as compared to Q (Eq.9.109).

Test for Normal Distribution for Residual Series

The residual series from an ideal model should be independent and identically dis-
tributed. The residual from ARMA model should follow normal distribution. For
checking that the residual series follows normal distribution, normal probability
paper can be used. Some statistical tests like chi-square (x?) test, Kolmogorov—
Smirnov test, Anderson—Darling test, skewness test (discussed in Sects.6.4.4 and
9.6.1) can be used for checking that the residual series is normally distributed or
not. If the residual series does not follow normal distribution (i.e., null hypothesis is
rejected for above tests), then the original time series can be transformed using the
data transformation techniques given in Sect.9.6.

Test for Periodicity
The periodicity in residual series (if any) can be observed in cumulative periodogram

(Sect.9.5.1). The periodicity of frequency v; can be tested for statistical significance
using the following statistic:

F(e(t) = 72(11—5_2) (9.111)
where
P =+ B (9.112)
%[50) — acos2rvit) — bsin@ryit)]?
Bg="= (9.113)

N
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where a and b are Fourier transform parameters for frequency v; (Eqgs.9.17 and 9.18).
The statistic F'(e(¢)) follows F-distribution with 2 and (N — 2) degree of freedom.
Hence, for « level of significance if F(e(t)) < F,(2, N — 2), then the periodicity
corresponding to frequency v; is considered not significant.

Test for Zero Mean

To test whether the residual series has zero mean or not, the 7' (¢) can be calculated
using:

9.114)

where €(¢) and SE. are the mean and standard deviation of residual series. j. is
expected value of residual mean, hence, in case of checking whether the mean is
zero, . = 0. The statistics T (¢) approximately follows Student-t distribution with
N — 1 degree of freedom. At « level of significance, if [T (€)| < t,2(N — 1), then
the mean is considered not to differ from ..

Example 9.7.18

The residual for the ARMA(2,2) model are 1.32, —1.97, —10.88, —5.98, 1.83, 12.06,
3.70,1.55,-2.71,0.61,4.81, —1.27,9.46, —6.10, —1.88, 0.260, —9.77, 2.83, 0.390,
0.400, 3.97, 5.22, 4.01, —2.34, —0.230, 1.77, —6.28, —5.18, —2.13, and 0.390,
respectively. Check that residual can be considered as white noise at a 5% level of
significance.

Solution
Test of Independence

Null Hypothesis: Residuals are independent.
Alternative Hypothesis: Residuals are not independent.
Level of Significance: oo = 5%

For checking the independence, the 6 lagged autocorrelations are considered. The
autocorrelation function for lags 1 to 6 is 0.156, —0.049, —0.175, —0.311, 0.069,
and —0.150.

The test statistics Q is given by

k ) 2
§=N(N+2)Z% =6.614
i=1

For k — 2 = 4 degree of freedom X§(4) = 9.488. As 6.614 < 9.488, so the null
hypothesis of data being independent cannot be rejected.
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Test for Normal distribution using skewness

Null Hypothesis: Data is normally distributed.
Alternative Hypothesis: Data is not normally distributed.
Level of Significance: oo = 5%

The calculation of skewness of residual series is given in Table 9.4. The skewness of
residual series is given by (Eq.9.31)

Table 9.4 Calculation for skewness test of residual series

S. No. Residual series | Residual series | Y;(1)? Y ()3
Y () deviation Yy (t)
1 1.32 1.39 1.94 2.69
2 -1.97 -1.9 3.6 —6.84
3 —10.88 —10.81 116.83 —1262.75
4 —5.98 —591 3491 —206.29
5 1.83 1.9 3.62 6.87
6 12.06 12.13 147.17 1785.36
7 3.7 3.77 14.22 53.64
8 1.55 1.62 2.63 426
9 —2.71 —2.64 6.96 —18.37
10 0.61 0.68 0.46 0.32
11 4.81 4.88 23.83 116.31
12 —1.27 -12 1.44 —1.72
13 9.46 9.53 90.85 865.89
14 —6.1 —6.03 36.34 —219.11
15 —1.88 —1.81 3.27 —5.92
16 0.26 0.33 0.11 0.04
17 —9.77 -9.7 94.06 —912.3
18 2.83 29 8.42 24.42
19 0.39 0.46 0.21 0.1
20 0.4 0.47 0.22 0.1
21 3.97 4.04 16.33 66
22 5.22 5.29 28 148.15
23 4.01 4.08 16.66 67.98
24 —2.34 —2.27 5.15 —11.68
25 —0.23 —0.16 0.03 0
26 1.77 1.84 3.39 6.24
27 —6.28 —6.21 38.55 —239.33
28 —5.18 —5.11 26.1 —133.33
29 —2.13 —2.06 424 —8.72
30 0.39 0.46 0.21 0.1
Total —2.14 0 729.74 122.12
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1 } :N (X(@) — }?)3 122.12
N i=1 _ 30 _
729.74 =0.0339

[% ZzNzl(X(f) - Y)ZT/2 (%% )1'5

S =

Null hypothesis is acceptable for |S| < Z,/2)+/%/n (Eq.9.32)

As, Ziav//n = Zoo2sy/®/20 = 1.074

and |S| < 1.074, i.e., 0.033 < 1.074, so the null hypothesis of data being normally
distributed cannot be rejected.

Test for zero mean

Null Hypothesis: Population mean of residual series is zero, i.e., . = 0
Alternative Hypothesis: Population mean of residual series is zero, i.e., p- 7 0
Level of Significance: o = 5%

The test statistics 7, = /SE. = —0.0713/5.016 = —0.014.
T. follows Student-t distribution with N — 1 = 29 degree of freedom.

f02(29) = 2.045

As | — 0.01] < 2.045, so the null hypothesis of data having zero mean cannot be
rejected.

Hence, the residual series is independent, normally distributed with zero mean at
5% level of significance and thus, can be considered as white noise.

9.8 Wavelet Analysis

Time series are represented in the time domain with their amplitude varying with time.
This representation is also known as amplitude—time representation. However, often
the frequency information is required to extract important information. Mathematical
tools like Fourier transform (FT) and wavelet transform (WT) aim to represent the
time series in frequency domain so that the information about constituent frequencies
are revealed. Whereas both FT and WT are potential in separating the frequencies
of a time series (also referred as signal), time information associated with different
frequencies can only be revealed by WT. This is the reason of popularity of WT over
FT in case of the non-stationary time series with respect to its frequency. In other
words, if the constituting frequencies of the time series do not change over time, both
FT and WT are equally useful but if it is not, WT is the essential to extract the time
information of constituting frequencies.

The WT is a mathematical tool that separates a time series into different consti-
tuting components, each corresponding to a particular frequency bands. Separated
components are called wavelet components of the original series. The WT utilizes
a specific function with zero mean and finite length having unit energy (variance),
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Table 9.5 Details of some mother wavelets
Name Mother wavelet function Graphical
representation
2
1 0=<tr=<05 ;
Haar or Y)=414-1 05<r<1

Daubechies 1

0  otherwise.

0
-1

L

S}
N

Meyer

In frequency domain
V(w) =
ﬁsin (gy(% - ))efwﬂ i 28 < o] < 4
ﬁcos (%y(% - 1)) eJw/2 if%T < |w| < STW
0 otherwise
0 x<0
x O0<x<1

1 x>1

where v(x) =

——

Morlet

W(t) = com 1D 1D (piot _ gy

2
where kg = e~ /20

Cog = (1 +e—gz _ 26,3/402>71/2

0

-0

o

Ricker or
Mexican hat

2

0= e (1) 2

0.

-0..

o

-

5

-5
5

Complex
Shannon 1-1

(1) = /Fpsinc(Fpx)e2imFex)
The wavelet is named as F, — F¢
For figure Fj, = F, = 1

0

-0

e

Kl
-20

.5
.5
0 5
0 5
0 2|

o

0

known as ‘mother wavelet’. There are several mother wavelets with different math-
ematical forms, such as Haar, Meyer, Morlet, Mexican Hat. Details of some of these
wavelets are provided in Table9.5. Apart from the mother wavelet function given in
Table 9.5, many families of wavelet functions exist like Daubechies, Bi-orthogonal,
Gaussian, Shannon.
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Any mother wavelet (W (¢)) can be scaled and/or shifted (known as ‘daughter
wavelets’). For a particular mother wavelet, the daughter wavelets (¥, ; (¢)) are math-
ematically represented as:

1 t—>b
‘Pa,b(f)=ﬁ‘p( P ) (9.115)

where a and b are shifting and scaling parameters, respectively. The shifting param-
eter (a) shows the location of wavelet, as the wavelet window is gradually shifted
through the time series. Inverse of the scale parameter (b) provides the information
of frequency (1;). Due to scaling, WT is able to recognize the frequencies in the
time series and due to shifting, the WT is able to extract the time varying feature
(amplitude) of those frequencies. It should be noted that the scaling as a mathemat-
ical operation either dilates or compresses a signal, i.e., larger scales (thus lower
frequency) correspond to the dilated (or stretched out) signals and small scales cor-
respond to the compressed signals. For instance, in Fig.9.7 different scale of sine
wave with unit amplitude is shown. It can be observed that from Fig.9.7a and 9.7d
that decrease in scale leads to contraction in signal and vice versa. Hence, by using
higher scale, WT extracts the slow moving changes or global information in signal
and by using lower scale, WT extracts the detailed information about local distur-
bances. It should be noted that the WT components at a particular frequency band
is obtained by convolution of shifted version of correspondingly scaled daughter
wavelet. Depending upon selection of the scaling and shifting parameters and trans-
formation procedure, many WT exist. Three of the most popular WT are discussed
here:

(a) Continuous Wavelet Transform (CWT): If shifting and scaling parameters
are considered to be continuous real number while applying wavelet transform,
the WT is called continuous wavelet transform (CWT). The CWT is computed
by changing the scale of the analysis window, shifting the window over time,
multiplying with the signal, and integrating it over the times. In CWT, the wavelet
transform is mathematically expressed as:

1
v Cu

where W*(¢) denotes complex conjugate, Cy = 2 f |F(\Il(w))|2/wdw and F(e)
denote the Fourier transform (Eq.9.16). If the basis wavelet or mother wavelet
(W (1)) is orthogonal, then the inverse of wavelet transformation is given by:

W,(a,b) =

X (), ,(t)dt (9.116)

1 We(a, bYW p) (1)
X(t)_\/C_\p/ 2 dadb 9.117)
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Fig. 9.7 Different scale/frequencies of unit amplitude sign wave

(b) Discrete Wavelet Transform (DWT): Discrete class of wavelets is formed when
shifting and scaling parameters are considered discrete instead of continuous
variables while applying wavelet transform. If the discrete wavelet is sampled
over dyadic space, time grid, the resulting wavelets are called dyadic discrete
wavelets. These wavelets are denoted by:

1 t
V@) =—=¥|—=—-> 9.118
30 V2i <21 ) ( )
The wavelet transform is given by:
We(a, b) = L E X, (ndt (9.119)
a,b) = p .
f Cy b

where W*(r) denotes complex conjugate. Discrete wavelet component is
down-sampled or subband coded according to Nyquist-Shannon theorem. The
Nyquist—-Shannon sampling theorem is a fundamental connection between con-
tinuous and discrete representation of time series or signal. This theorem is
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applicable to any signal having finite range of frequencies or in other words,
signal having zero Fourier transform coefficient outside some finite range of
frequencies. According to this theorem, if the signal is sampled two times, first
with a sampling rate of N at scale a;, second at a sampling rate of N, at scale a,,
then the information contained in these two sampling procedures is equivalent,
given
a
N, = —N; (9.120)

az

As the frequency range of wavelet components (generated by Eq.9.119) is
decreased by half, hence, the components can therefore be subsampled by 2, by
discarding every alternate sample or sample falling at even places from begin-
ning. As a result, each of the components has half the length that original time
series or signal had. Hence, DWT halves the time resolution, but doubles the
frequency resolution. Since, the frequency band of the signal now spans only
half the previous frequency band; it effectively reduces the uncertainty in the
frequency by half. This procedure is also known as subband coding (or down-
sampling). Subband coding, however, results in wavelet coefficients depending
on their location. As a result, a small change in input signal causes large changes
in wavelet coefficients. This is termed as transition-invariance of DWT and is
considered a major drawback which limits its application in signal analysis.

It should be noted that a discrete mother wavelet acts as a band-pass filter and
scaling it for each level (for dyadic space) effectively halves its bandwidth. This
creates the problem that in order to cover the entire spectrum (till the frequency
limiting to zero), an infinite number of scaling is required. Hence, to cover the
complete spectrum another function associated with the mother wavelet called
scaling function or ‘father wavelet’is used. Scaling function is also having finite
domain and unit energy. Further, dyadic wavelet functions are orthogonal so the
inverse of wavelet transform is given by:

! > X (OWa(0) 9.121)

X)) =
VCu jkeZ

Alternatively, DWT can also be carried out by using a pair of filters — a high pass
and a low pass filter. In DWT, signal convolution with low pass filter followed
by dyadic down-sampling gives an approximate coefficient, and one obtained by
using high pass filter and dyadic down-sampling is called detailed coefficients.
These filters are made using the mother wavelet and scaling function. The DWT
filter for Haar mother wavelet is discussed in Sect.9.8.1.

Stationary Wavelet Transform(SWT): Stationary Wavelet Transform (SWT) is
specially designed to avoid the transition-invariance of DWT. For avoiding time-
invariance, SWT components are not down-sampled (as per Nyquist—-Shannon
sampling theorem) and the filter coefficients are up-sampled by a factor of 20—V
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in the jth level of algorithm. Hence, the SWT unlike DWT does not change the
time resolution at any stage. But lack of subband coding, results in redundancies
in components as SWT components have twice the number of elements needed
as per Nyquist—Shannon Theorem. However, SWT reduces the complexity of
signal analysis as both input signal and its components have equal length.

Wavelet transform depends upon the selected mother wavelet function. In the next
subsection, Haar mother wavelet is discussed in detail to show how the wavelet
transformation is carried out using filters.

9.8.1 Haar Wavelet

Haar wavelet is one of the ‘square-shaped’ wavelet, proposed by Alfréd Haar in 1909.
A special case of Daubechies family of mother wavelet functions, the Haar wavelet
is considered first member of Daubechies family of wavelet and also regarded as
Dbl. The Haar mother wavelet function H(#) is expressed as

1 0<tr=<0.S5
H(#)=1-1 05<t<1 (9.122)
0  otherwise.

The associated scaling function is given by:

1 0<r<l1
S@) = -7 (9.123)
0 otherwise.

The Haar wavelet and scaling function can be expressed as linear combination of
scaling function of different scales.

S(1) =S(2t) + St — 1) (9.124)
H(r) =S(2t) — St — 1) (9.125)

Any continuous real function on [0, 1] can be approximated by linear combinations of
dyadic Haar wavelet with different scales and shifts (1, H(z +5,), H(2t+b,), H(4r +
b3),...,H@2"t — by), ...). Similarly, any continuous real function with compact
support can be approximated by a linear combination of scale functions with different
scale and shifts (S(¢ + by), SQ2t + by), S(4t + b3), ...,SQ2"t — b,), ...). As stated
earlier, the wavelet transform can be carried out using a set of two filter matrices — low
pass and high pass filter. High pass filter is formulated on the basis of mother wavelet
function and separates the high frequencies from the data. Low pass filter matrix is
formulated on the basis of scaling function and allow low-frequency information
in data to pass. For stationary wavelet transform of time series of length ‘n’, Haar
wavelet high pass (G) and low pass (H) filters are of (n x n) size. These filters are
constructed using following rules:
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hm:{l/\/i celr+1) modn) ©.126)
0 otherwise.
—1)'¢/J2 1
e = :( ) /\/_ c e {r, .(r 4+ 1) mod n} 9.127)
0 otherwise.

where 4, . and g, . are the elements of matrix H and G, respectively, r and c repre-
sent the row and column of filter matrix. Here, ‘mod’ represents a module function.
k mod n = n if k = n, otherwise k mod n = remainder of k divided by n. On
closer observation, the low pass filter is 2 term moving average operation and the
high pass filter is Ist-order differencing operation normalized with a factor of 1/+/2.
When the time series is multiplied with these filters, two components are obtained.
The component obtained after multiplication with high pass filter is called detailed
SWT component (denoted by d) and component obtained after multiplication with
low pass filter is termed approximate SWT component (denote by a). For obtaining
DWT components, subband coding of SWT components is done by neglecting every
second component value or component values falling on even positions. These com-
ponents can further be separated into lower frequency bands by applying wavelet
transformation on them. This approach of applying wavelet transformation multiple
time to get wavelet components at even lower frequency bands is called multireso-
lution analysis (MRA).

9.8.2 Multiresolution Analysis

Multiresolution analysis or multiresolution wavelet transform (MRWT)can be per-
formed by using low pass filter component (approximate component) as input to
wavelet transform at each subsequent level. Hence, MRA helps in analysis of time
series or signal at smaller frequency bands. Multiresolution analysis of signal can
be carried out with both SWT or DWT. Depending on the wavelet transform used, it
is called multiresolution stationary wavelet transform (MRSWT) or multiresolution
discrete wavelet transform (MRDWT). By using MRA, a time series X (¢) can be
represented as

X() = Zao,kSo,k(t) + Z Zdj,kHj,k(t) (9.128)
k

j=0 k

where S and H represent scaling function and mother wavelet function, respectively.
The subscript pair j, kK shows scale and shift parameters of mother wavelet or scal-
ing function. The approximate component (ap ;) and detailed component (d; ;) are
expressed as:
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ak =Y _ X(OS(t —k) (9.129)
dix =Y X02H(27t — k) (9.130)
If the level of decomposition is L then ag  series is also represented as a; and dj x
series are also represented as d;, where j € 1,2, ... L. In the form of filters, the

components a; and d; are expressed as:

ay, =GLGL_1 G]X (9131)
dj =HjGj,1Gj,2...G1X=Hjaj,1 fOI‘jG{],Z,...,L} (9132)

The low and high pass filters for Haar mother wavelet at any level / are given by:

1/4/2 . 20=D d

e =1V V2 celnr+277) modn) (9.133)
0 otherwise.
—1)"/J2 . 2= d

Gire = {( VTN e € 04207 mod ) (9.134)
0 otherwise.

where h; ;. € Hy, g1.rc € Gi, H; and G, are low pass and high pass filters at level /.
r and ¢ represent row and column, respectively. It should be noted that for [ = 1 the
above equations are same as Eqs.9.126 and 9.127. The steps of MRA will be more
clear with an example as provided below.

Example 9.8.1

Monthly sea surface temperature (in °C) at a location for last 8 months are 24.8,
23.6,26.1, 28.4, 24,22 .8, 21.5, and 23. Decompose the time series into its MRSWT
components using Haar as mother wavelet upto level 2.

Note: This is just an illustrative problem to facilitate the reader to understand
the steps involved in MRSWT. In reality, the length of time series is sufficiently
long. However, once the basic steps are understood, the computer codes can be
written for longer hydroclimatic data set.

Solution Let the time series of sea surface temperature is represented as matrix X
having a size of 8 x 1. First-level Haar filters (high pass (Eq.9.127) and low pass
(Eq.9.126)) for time series of length 8 are given by:
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Similarly, the second-level Haar filters (high pass (Eq.9.134) and low pass
(Eq.9.133)) for time series of length 8 are given by :
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Hence, the second-level Haar MRSWT components are given by
(Eqgs.9.131 and 9.132):

a, =G,G 1 X = [51.45 51.05 50.65 48.35 45.65 46.05 46.45 48.75]
dy =H,G X = [—3.05 —1.353.854.051.15 —1.75 —1.95 —0.95]
d =G X = [0.85 —1.77 —1.63 3.11 0.85 0.92 —1.06 —1.27]
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9.9 MATLAB Examples

MATLAB scripts can be written for solving various examples in this chapter. Fol-
lowing MATLAB built-in functions are helpful.

e Autocorrelation and partial autocorrelation functions for a time series can be cal-
culated by using following two functions:

[acf, lags, bounds] = autocorr(y, numLags)
[pacf, lags, bounds] = parcorr(y, numLags)

where acf and pacf are autocorrelation and partial autocorrelation functions,
lags and bounds are corresponding lag values and 95% confidence intervals.
y is the time series and numLags is number of lags till which the autocorrelation
or partial autocorrelation is calculated.

e The skewness of the data can be calculated using the ‘skewness’ built-in func-
tion.

e For fitting AR, MA, or ARMA model over time series, following functions can be
used:

— advice(data)
This built-in function suggests about the requirement of detrending, suitable
model structure, and its order.

-m = ar(y,n)
The function estimates an AR model on time series y with order n.
— sys = armax(data, [na nb nc nk])

This function can be used for estimating AR, MA, ARMA, ARX, MAX, or
ARMAX on time series data depending upon the second parameter. Differ-
ent components of the second parameter [na nb nc nk] specify different
parameters of the generalized ARMAX model.

na: order of autoregressive part

nb: number of term considered from exogenous input.

nc: order of moving average part

nk: lag (if any) in exogenous components.

e For estimation of AR model, Yule-Walker equation can also be solved easily using
built-in function ‘solve’ or by matrix division operation.
e For MRSWT decomposition the function ‘swt’ can be used.

SWC = swt (X,N, ‘wname’)

where X is the one-dimensional matrix, N is level of MRSWT, and ‘wname’ is
name of mother wavelet function. SWC is component matrix having N+1 rows.

Some of the sample scripts to solve the example are provided in this section. These
scripts make use of some of above discussed built-in functions. For instance, the
Example 9.4.2 can be solved by script given in Box 9.1. For solving the associated
Example 9.4.1, Sects.7.7 and 7.8 can be referred.
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Box 9.1 Test for Trend (Example 9.4.2)

1 cle; clear; close all;

2 alpha=0.1;

3 streamflow
=[1.10;0.50;2.70;1.30;1.50;2.20;2.10;3;2.90;4.40;4.60;...
4 3.10;4.70;4;4.60;5.10;6.10;5.30;6.70;5.601;

6 | data_length=1length (streamflow) ;

8 %% Mann - Kendall Test

9 compare_mat=zeros (data_length) ;

10 for t=1:data_length

11 compare_mat (:,t)=sign (streamflow-streamflow (t)) ;
12 | end

14 compare_mat=tril (compare_mat) ;

15 mann_kenall_stat=sum (sum (compare_mat)) ;

16 var_man_kendall_stat=data_length*(data_length-1) *(2*data_length+5)
/18;

17 | u_c=(mann_kenall_stat-sign (mann_kenall_stat))/sqrt (
var_man_kendall_stat) ;

19 %$%% Display the results

20 | output_file=[’output’ filesep () ’‘code_1_result.txt’];
21 delete (output_file); diary (output_£file) ; diary on;

22 fprintf ('Results for Mann-Kendall Test:\n’);

23 fprintf (' The Mann-Kendall Statistics is %2.0f.\n’,
mann_kenall_stat) ;
24 fprintf (* The test statistics (u_c) is %2.2f.\n’,u_c);
25 if abs (u_c)>norminv(l-alpha/2,0,1)
26 fprintf (' As |u_c| > %1.3f (Z_%0.3f), so the null hypothesis of
no trend is rejected.\n’, .
27 norminv (l-alpha/2,0,1), l-alpha/2);
28 else
29 fprintf ('%s As |u_c| < %1.3f (Z_%0.3f), so the null hypothesis
of no trend can not be rejected.\n'’,
30 norminv (l-alpha/2,0,1), l-alpha/2);
31 | end

33 %% Kendall Tau Test

34 compare_mat=zeros (data_length) ;

35 for t=1:data_length

36 compare_mat (:,t)=streamflow>streamflow (t) ;
37 | end

38 | compare_mat=tril (compare_mat) ;

40 p=sum (sum (compare_mat)) ;
41 tau=4*p/(data_length*(data_length-1))-1;

43 var_tau=2*(2*data_length+5) /(9*data_length* (data_length-1));
44 test_stat_z=(tau)/sqrt (var_tau) ;

46 %$%% Display the results
47 fprintf ('Results for Kendall Tau Test:\n');

48 fprintf (* The Kendall tau is %2.2f.\n’,tau);

49 fprintf (* The test statistics is %2.2f.\n’, test_stat_z);

50 if abs(test_stat_z)>norminv(l-alpha/2,0,1)

51 fprintf (' As |z| > %1.3f (2_%0.3f), so the null hypothesis of
no trend is rejected.\n’, .

52 norminv (l-alpha/2,0,1), l-alpha/2);

53 else
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54 fprintf (' As |z| < %1.3f (Z_%0.3f), so the null hypothesis of
no trend can not be rejected.’, .

55 norminv (l-alpha/2,0,1), l-alpha/2);

56 | end

57 | diary off

The result for the script given in Box 9.1 is given in Box 9.2. The result matches
with inference drawn in Solution 9.4.2, i.e., the null hypothesis of no trend in data is
rejected.

Box 9.2 Results for Box 9.1

Results for Mann-Kendall Test:

The Mann-Kendall Statistics is 157.

The test statistics (u_c) 1is 5.06.

As |u_c| > 1.645 (Z_0.950), so the null hypothesis of no trend is

T

rejected.
5 | Results for Kendall Tau Test:

6 The Kendall tau is 0.82.
7 The test statistics 1is 5.06.
8 As |z| > 1.645 (Z_0.950), so the null hypothesis of no trend is

rejected.

Sample script for solving Examples 9.6.1, 9.7.3, and 9.7.14 is provided in Box
9.3. In this example, script autocorrelation, partial autocorrelation, and skewness is
calculated using MATLAB built-in functions.

Box 9.3 Sample MATLAB script for solving Example 9.6.1 and associated examples
-

clear; clc; close all;

alpha=0.05;

rainfall
=[2.89;7.39;23.88;10.59;5.91;1.53;3.48;56.54;26.19;6.35; ...

5 38.09;0.01;3.03;41.57;44.73;21.39;15.87;1.22;21.75;0.211;

e

7 yv_skewness=skewness (rainfall) ;

9 % Calculate Moving average and differencing

10 [~,m]=movavg (rainfall,h1,2);

11 mov_avg_rainfall=m(2:end) ;

12 diff_rainfall=diff (rainfall) ;

13 | figure ("Position’,[0 0 500 450]) ;

14 plot (1:length (rainfall),rainfall, 'k’); hold on;

15 plot ((1:length (mov_avg_rainfall))+1l,mov_avg_rainfall, '--b’, "
LinewWidth'’ ,1.5) ;

16 plot ((1:length (diff_rainfall))+1,diff_rainfall,’-.r’, 'LineWidth’
/1)

17 axis ([1 20 -50 100]); xlabel ('Days’, 'FontSize’' ,b14) ;

18 ylabel ('Magnitude’, 'FontSize’ , b 14) ;

19 h_l=legend ('Original Rainfall Series’, 'Moving Average with window
A% 5000

20 '1~{st} order Differencing’);set (h_1, ' FontSize’,b11)

22 % Calculate autocorrelation and partial autocorrelation of

rainfall
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23 % till lag 5
24 [rain_autocorr ,autocorr_lags, autocorr_bounds]=autocorr (rainfall ,kh5)

25 [rain_parcorr ,parcorr_lags, parcorr_bounds]l=parcorr (rainfall ,h5) ;

27 %$%% Display the results
28 output_file=["'output’ filesep () ’‘code_2_result.txt’'];
29 delete (output_file) ; diary (output_£file) ; diary on;

30 fprintf (' The skewness is %2.2f.\n’,y_skewness) ;

31 if abs (y_skewness)>norminv (l-alpha/2,0,1)*sqrt (6/length (rainfall))

32 fprintf (‘As |S| > %1.3f , so the null hypothesis of data being
normal is rejected.\n’, .

33 norminv (l-alpha/2,0,1) *sqrt (6/length (rainfall))) ;

34 else

35 fprintf (* As |S| < %1.3f , so the null hypothesis of data being
normal can not be rejected.\n’', .

36 norminv (l-alpha/2,0,1) *sqrt (6/length (rainfall))) ;

37 | end

38 fprintf ('\n ACF and PACF function for rainfall upto lag 5 is given
by:\n");

39 fprintf ('\n lag\t\t ACF \t\t PACF\n');

40 for i=1:size (autocorr_lags)

41 fprintf (%4 \t\t %0.2f \t\t %0.2f\n’, autocorr_lags (i), ...

42 rain_autocorr (i), rain_parcorr (i)) ;

43 | end

44 fprintf ('\n The 95%% confidence interval for ACF and PACF are\n’);
45 fprintf (' ACF \t (%0.2f,%0.2f)\n PACF \t (%.2f,%0.2f)\n"’,
autocorr_bounds (2) , ...

46 autocorr_bounds (1) ,parcorr_bounds (2) ,parcorr_bounds (1)) ;

47 diary off;

The result for the script given in Box 9.3 is given in Box 9.4. The results match with
Solution 9.6.1, i.e., according to skewness test the transformed rainfall depth follow
normal distribution.

Box 9.4 Results for Box 9.3

1 The skewness is 0.93.

2 As \S| < 1.074 , so the null hypothesis of data being normal can
not be rejected.

3

4 ACF and PACF function for rainfall upto lag 5 is given by:

5

6 lag ACF PACF

710 1.00 1.00

8 1 0.03 0.03

9 |2 -0.26 -0.28

10 |3 0.03 0.06

11 4 -0.20 -0.39

12 5 -0.01 0.02

13

14 The 95% confidence interval for ACF and PACF are

15 ACF (-0.45,0.45)

16 PACF (-0.46,0.46)
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Solution of Example 9.7.7 can be obtained by matrix division as shown in Box 9.5.

Box 9.5 Sample MATLAB script for solving Example 9.7.7
-

clear; clc; close all;

1
2
3 | flow=[560;630;590;660;580;490;300;350;470;900;850;870;340;...
4 560;190;250;380;670;990;840;250;360;1200;950;880; ...

5 560;450;320;170;5807;

7 flow_auto_corr=autocorr (flow, 2) ;

8 flow_auto_corr=flow_auto_corr (2:end); % Remove lag 0 ACF

10 % Solution of Yule Walker Equation
11 AR_2_params=flow_auto_corr '/[1l, flow_auto_corr (1l); flow_auto_corr
(1) ,11;

13 % Display Results

14 output_file=['output’ filesep () ’'code_3_result.txt’'];
15 delete (output_file); diary (output_file) ; diary on;

16 fprintf (' The AR(2) parameters are: %$2.3f\t%2.3f\n’,...
17 AR_2_params (1) ,AR_2_params (2)) ;

18 diary off;

The results obtained by solution of Yule—Walker equation (Box 9.6) match with
Solution 9.7.7.

Box 9.6 Result of script provided in Box 9.5

1 [The AR (2) parameters are: 0.543 -0.331 ]

The white noise testing of residual (Example 9.7.18) can be carried out by using the
script presented in Box 9.7. Three tests are carried out on residual series in the script,
namely — test of independence, test for normality, and test for zero mean.

Box 9.7 Sample MATLAB script for solving Example 9.7.18

clear; clc; close all;

1

2

3 | residual=[1.32;-1.97;-10.88;-5.98;1.83;12.06;3.70;1.55;...
4 -2.71;0.61;4.81;-1.27;9.46;-6.10;-1.88;0.260;-9.77;...
5 2.83;0.390;0.400;3.97;5.22;4.01;-2.34;-0.230;1.77;...
6 -6.28;-5.18;-2.13;0.3901];

8 alpha=0.05;

9 % Test of independence

10 | N=length (residual) ;

11 k=ceil (N/5) ;

12 res_autocorr=autocorr (residual b k) ;
13 res_autocorr=res_autocorr (2:end) ;
14 | sg_autocorr=res_autocorr . 2;

15 weighted_sum_sqg_autocorr=0;

16 for i=1:length (res_autocorr)

17 weighted_sum_sqg_autocorr=weighted_sum_sqg_autocorr+...
18 sqg_autocorr (i) /(N-1) ;

19 end
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Q_bar=N*(N+2) *weighted_sum_sqg_autocorr;

% Calculate skewness

y=residual;

y_d=y-mean (y) ;

y_d_squared=y_d."2;

y_d_cubic=y_d4d."3;

yv_skewness=mean (y_d_cubic)/(mean (y_d_squared))~1.5;
table_skew_calc=[y,y_d,y_d_squared,y_d_cubic];
table_skew_calc (end+1,:)=sum(table_skew_calc) ;

% Test for zero mean
T_e=mean (residual) /std (residual) ;

% Display results

%%% Display the results
output_file=["'output’ filesep () ‘code_4_result.txt’'];
delete (output_file); diary (output_file) ; diary on;
if Q_bar<chi2inv (l-alpha,k-2)
fprintf ('As %1.3f < %1.3f , so the null hypothesis of data being
independent can not be rejected.\n’,
Q_bar, chi2inv(l-alpha,k-2));
else
fprintf (‘As %1.3f > %1.3f , so the null hypothesis of data being
independent 1s rejected.\n’,
Q_bar, chi2inv(l-alpha,k-2));
end
if abs (y_skewness)>norminv (l-alpha/2,0,1)*sqrt (6/length (y))
fprintf (‘As |%$3.2f| > %1.3f , so the null hypothesis of data
being normal is rejected.\n’,
y_skewness, norminv (l-alpha/2,0,1)*sqrt (6/length (y)));
else
fprintf ('As [%3.2f| < %1.3f , so the null hypothesis of data
being normal can not be rejected.\n’, .
y_skewness, norminv (l-alpha/2,0,1)*sqrt (6/length (y)));
end

if abs(T_e)<=tinv(l-alpha/2,length (residual) -1)
fprintf (‘As |%2.2f| < %1.3f , so the null hypothesis of data
having zero mean can not be rejected.\n’,
T_e, tinv(l-alpha/2,length (residual)-1));
else
fprintf ('%s As [|%2.2f]| > %1.3f , so the null hypothesis of data
having zero mean is rejected.\n’, .
T_ e, tinv(l-alpha/2,length (residual) -1)) ;
end
diary off

375

The result of white noise test script (Box 9.7) is provided in Box 9.8. Like Solution
9.7.18, the result suggest that residual can be considered white noise as it passes all

three tests.
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Box 9.8 Result of script provided in Box 9.7

1 As 6.614 < 9.488 , so the null hypothesis of data being
independent can not be rejected.

2 |As |0.03|] < 0.877 , so the null hypothesis of data being normal
can not be rejected.

3 |As |-0.01] < 2.045 , so the null hypothesis of data having zero

mean can not be rejected.

A sample script for solving Example 9.8.1 using ‘swt’ built-in function of MATLAB
is presented in Box 9.9.

Box 9.9 Sample MATLAB script for solving Example 9.8.1

-
1 clear all; close all;clc;

3 %% Input

4 X=[24.8, 23.6, 26.1, 28.4, 24, 22.8, 21.5, 23];
5 comp=swt (X,2, 'haar ') ;

7 %$%% Display and save the output

8 output_file=['output’ filesep () ’'code_5_result.txt’'];
9 delete (output_file); diary (output_file) ; diary on;

10 fprintf (' The Haar MRSWT Components are \n'’);

1 |a_2=[];d_2=[]1;d_1=[];

12 for i=1:length (comp)

13 a_2=[a_2 sprintf ('%2.2f’,comp(3,1i)) ', '1;

14 d_2=[d_2 sprintf ('%2.2f',comp(2,1)) ', '1;

15 d_1=[d_1 sprintf ('%2.2f’,comp(1,1i)) ', '1;

16 end

17 fprintf (' a_2=%s \n d_2=%s \n d_1=%s\n’, a_2, d_2, d4d_1);

18 diary off

The result of the script provided in Box 9.9 is provided in Box 9.10. The result of
the script matches with our Solution 9.8.1.

Box 9.10 Result of script provided in Box 9.9

1 The Haar MRSWT Components are

2 a_2=51.45, 51.05, 50.65, 48.35, 45.65, 46.05, 46.45, 48.75,
3 CLAS=3.,05, =1.35, 3,85, 4,05, 1L.15, =175, =1,95, =0,95,

4 d.1=0.85, -1.77, -1.63, 3.11, 0.85, 0.92, -1.06, -1.27,

Exercise

9.1 The annual evapotranspiration (in cm/year) for a basin in last 20 years are
61.04, 58.71, 60.02, 60.36, 62.65, 64.17, 62.82, 64.41, 64.6, 63.45, 65.35, 64.65,
67.37, 66.27, 68.39, 66.77, 68.24, 68.04, 66.53, and 68.02.

Check the evapotranspiration data for any trend using (a) Mann—Kendall test and (b)
Kendall tau test. Use 5% level of significance.
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(Ans. At 5% significance level null hypothesis of no trend is rejected for Mann—
Kendall. However, in the Kendall tau test null hypothesis of no trend cannot be
rejected at 5% significance level.)

9.2 The monthly average atmospheric pressure (in mb) measured at surface level
for 24 consecutive months are

963.65, 965.03, 961.18, 959.43, 957.68, 953.42, 950.11, 952.44, 952.25, 956.88,
963.66, 963.36, 965.56, 964.5, 963.66, 960.91, 956.9, 952.18, 950.71, 952.54,
951.43, 955.06, 959.01, and 962.60. Find the autocorrelation and partial autocor-
relation functions at lags 0, 1, 2, and 3.

Ans. Autocorrelation function at lag 0, 1, 2, and 3 are 1, 0.782, 0.414, and 0.008
respectively.
Partial autocorrelation function at lag 0, 1, 2, and 3 are 1, 0.807, —0.617, and
—0.481 respectively.

9.3 For the data, provided in Exercise 9.1, find the autocorrelation and partial auto-
correlation coefficient at lags 0, 1 and 2. Find the 95% confidence limit for the ACF
and PACF at lag 2.

Ans. Autocorrelation function at lag 0, 1, and 2 are 1, 0.784, and 0.678 respectively.
Partial autocorrelation function at lag 0, 1, and 2 are 1, 0.852 and 0.489 respec-
tively.

95% confidence interval of ACF and PACF is [—0.462, 0.462].

9.4 Streamflow at a section for 30 consecutive days is shown in the following table

Day Flow Day Flow Day Flow

(x 1000 m3/s) (x 1000 m3/s) (x 1000 m3/s)

1 14.12 11 14.45 21 12.50
2 22.05 12 12.72 22 16.10
3 22.34 13 13.67 23 17.40
4 20.07 14 12.58 24 9.48

5 21.15 15 9.33 25 8.41

6 19.82 16 9.67 26 9.33

7 20.65 17 10.65 27 10.40
8 23.57 18 14.47 28 12.62
9 22.19 19 11.02 29 15.30
10 18.32 20 9.82 30 13.84

From historical records, streamflow is found to follow gamma distribution. The
rating curve for the section is given by:

0 =59.5(G — 5)2

where Q is streamflow in m®/s and G is river stage at section in meters. Calculate the
river stage at the section and check whether river stage follows normal distribution
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at 5% level of significance or not.

(Ans. The river stage for the section (in m) are 20.4, 24.3, 24.4, 23.4, 23.9, 23.3,
23.6,24.9,24.3,22.5,20.6, 19.6, 20.2, 19.5, 17.5, 17.7, 18.4, 20.6, 18.6, 17.8, 19.5,
21.4,22.1,17.6,16.9, 17.5, 18.2, 19.6, 21.0, and 20.3. At 5% significance level, the
null hypothesis of river stage follows normal distribution cannot be rejected.)

9.5 Fit AR(1) and AR(2) model on the river stage data given in Exercise 9.4. What
percentage of variance in the river stage time series is explained by these two models?
Calculate Akaike Information Criteria for the models and suggest the best model.

Ans. For AR(1) model ®; = 0.79, R? = 0.626, AIC = 187.77
For AR(2) model ®; = 0.98 and &, = —0.24, R* = 0.647, AIC = 189.21
Hence, out of AR(1) and AR(2), AR(1) is better model.

9.6 Soil moisture is usually found to have high memory component. Using a sensor
the surface soil moisture was recorded daily at a location for 60 days. For this time
series, PACF at successive lags from O to 4 are 1, 0.56, 0.41, 0.15, and 0.11 and
corresponding ACF are 1, 0.85, 0.62, 0.25, and 0.12. Suggest the appropriate order
of AR model and find the parameters of selected AR model. Check the AR parameters
for model stationarity.

(Ans. On the basis of significance of PACF function highest order of AR model is
2. The AR(2) parameters are ®; = 1.164 and ®, = —0.370. The AR(2) model is
stationary.)

9.7 For alocation, monthly average zonal wind is found to follow a moving average
model. From a monthly average zonal wind time series record of length 35, the
ACEF function at lags 0 to 5 are found as 1, 0.45, 0.35, 0.25, 0.15, and 0.08. Suggest
an appropriate order for MA model and find corresponding parameters. Check the
invertibility of the selected model.

(Ans. On the basis of significance of ACF, MA(1) is an appropriate model. The
parameter for MA(1) model is —0.627. The MA(1) is invertible.)

9.8 The parameters of AR(2) model are ®; = 0.77 and &, = —0.25. Calculate the
ACEF till lag 2 for the corresponding time series.
(Ans. p; = 0.616 and p, = 0.224)

9.9 For a MA(2) model fitted on time series X (¢), if parameters are §; = 0.57 and
0, = 0.36, calculate the PACF and ACF up to lag 2 for the time series X (¢).
(Ans. p; = —0.251, p, = —0.247, ¢; = —0.251, and ¢, = —0.331)

9.10 Considering the following ARMA model,
X(@)=063X(t—-1)—045X(t —2) +e(t) —0.58¢(t — 1) +0.21e(r — 2)

Check the invertibility and stationarity of the model.
(Ans. The model is stationary but not invertible.)
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9.11 At a location, the daily air temperature follows the ARMA(2,1) model given
below,
X(t)=07X@¢—-1)4+02X(t—2)+¢(t) +0.7¢(t — 1)

If the air temperature recorded in the last week (in °C) was 16.5, 15.2, 18.2, 16.3,
19.4, 17.8, and 15.7, then forecast air temperature and their 95% confidence limit
for next three days. Assume that the variance of residual is unity. Further, update
the forecast for remaining two days, if the temperature on eighth day is recorded as
14.5°C.

(Ans. Forecasted temperatures (in °C) for next three days are 15.7, 14.1, and 13.0
respectively. Their confidence intervals are (13.7, 17.7), (10.8, 17.5), and (9.0, 17.1)
respectively. The update forecasts for next two days (in °C) are 12.4 and 11.6, respec-
tively.)

9.12 For the monthly average atmospheric pressure at surface data provided in
Exercise 9.2, check the data for any seasonality (periodicity of 12months) at 5%
level of significance.

(Ans. Data is seasonal at 5% level of significance.)

9.13 For AR(2) model developed in Exercise 9.5, check that the residual series is
white noise at 5% level of significance. A series is called white noise when it is
independent and normally distributed with zero mean.

(Ans. The residual is white noise at 5% level of significance.)

9.14 Decompose the annual evapotranspiration time series provided in Exercise 9.1
into its Haar MRSWT components up to level 2. [Hint: Code written in Box 1.9 may
be used]

Ans. The decomposed series are

a, [120.1, 120.9, 123.6, 125.0, 127.0, 128.0, 127.6, 128.9, 129.0, 130.4, 131.8, 133.3, 134.4,
134.8, 135.7, 134.8, 135.4, 131.8, 127.2, 123.9]

d, [-03,-2.1,-3.2, 2.0, 0.2, —1.0, —0.4, 0.1, —1.0, — 1.6, —1.8, —1.3, —0.8, —0.2, —0.6,
0.2,0.9,2.8,7.4,52]

d; [1.6,-09,-02,—1.6,—1.1,1.0,—1.1, =0.1,0.8, —1.3,0.5, —1.9,0.8, — 1.5, 1.1, — 1.0, 0.1,
1.1, —1.1,4.9]



Chapter 10 ®)
Theory of Copula in Hydrology oo
and Hydroclimatology

This chapter deals with an introduction to copula theory and its appli-
cations in hydrology and hydroclimatology. The copula theory is rel-
atively new to this field but has already established itself to be highly
potential in frequency analysis, multivariate modeling, simulation and
prediction. Development of joint distribution between multiple variables
is the key to analyze utilizing the potential of copulas. The chapter starts
with the mathematical theory of copulas and gradually move on to the
application. If the readers are already aware of the background theory
and look for application of copula theory, they can directly proceed to
Sect. 10.8. Basic mathematical formulations for most commonly used
copulas are discussed, and illustrative examples are provided. It will
enable the readers to carry out applications to other problems. All the
illustrative examples are designed with very few data points. This helps
to show the calculation steps explicitly. Please note that any statistical
analysis should be done with sufficiently long data. Once the readers
understand the steps, computer codes can be written easily for large
data sets. Example of MATLAB codes is also provided at the end.

10.1 Introduction

Theory of copula itself may need an entire book (Nelsen 1999). Focus of this chapter
is to introduce this theory for hydrologic and hydroclimatologic applications. The
word copula originates from a Latin word ‘copulare,” which means ‘to join together.’
In many cases of statistical modeling, it is essential to obtain the joint probability dis-
tribution function between two or more random variables. Even though the marginal
distributions of each of the random variables are known, their joint distributions may
not be easy to derive from these marginal distributions. However, copula can be
used to obtain their joint distribution, if the information on scale-free measures of
dependence between random variables is available.
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10.2 Preliminary Concepts

10.2.1 Definition of Copula

Let X and Y be a pair of random variables with cumulative distribution function
(CDF) Fy(x) and F,(y), respectively. Also, let their joint CDF be H, ,(x, y). Hence,
each pair (x, y) of real numbers leads to a point (Fy(x), F,(y)), in the unit square,
i.e., 2 or[0, 1] x [0, 1]. The ordered pair in turn corresponds to a number Hy ,(x, y),
in [0, 1]. This correspondence is a function, which is known as copula. Thus, cop-
ula (designated by C) is a function that joins or couples one-dimensional marginal
distributions of multiple random variables to their joint distribution function.

It is worthwhile to note here that such correspondence is irrespective of the
marginal distributions of the random variables. In other words, any form of marginal
distributions can be coupled to get their joint distribution, which is the reason for
the popularity of copula theory in many areas of research. Moreover, the theory of
copula can be extended to higher dimensions also.

10.2.2 Graphical Representation of Copula

An n-dimensional copula is represented in a I" dimensional space. Graphically, only
two-dimensional copula can be shown as a surface in I° space or as a contour plot in
I%. For example, a two-dimensional independent copula, given by C (u, v) = uv for
0 < u,v <1, is graphically represented in Fig. 10.1. This copula function is called
independent copula, as it defines the joint distribution for two independent random
variables.
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Fig. 10.1 Independent copula function represented as a three-dimensional surface plot, and b
contour plot
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10.3 Sklar’s Theorem

Application of copula to probability and statistics is achieved through Sklar’s theorem
(Sklar 1959). It states thatif Hy ,(x, y) isajoint distribution function, then there exists
a copula C(u, v), such that, forall x, y e R

Hyy(x,y) = C(Fx(x), Fy(y)) (10.1)

where Fy(x) and F,(y) are the marginal distribution of X and Y, respectively. Hence,
if Fy(x) and F,(y) are continuous, then copula function is unique, otherwise copula
is uniquely determined on Ran(F (x)) x Ran(F,(y)), where Ran(e) represents range
for e. Sklar’s theorem is used for coupling two marginal distributions to obtain their
joint distribution.

Equation 10.1 can be inverted as,

C'(u,v) = H(FTY W), F~V(v)) (10.2)

where F}f_])(u) and Fy(_l)(v) are called ‘quasi-inverse’ of Fyx(x) and Fy(y), respec-
tively. If any marginal (Fy(x) or F,(y)) is strictly increasing function, then the quasi-
inverse is same as its inverse (denoted by F, ! or F,"!). However, if any marginal
distribution F(x) is not strictly increasing, then the quasi-inverse is given by,

(a) Foranyt € Ran(Fy(x)),then F}ﬁ_l)(t) is any number x € R suchthat F,(x) = ¢,
i.e., for all ¢ in Ran(F,(x)),
F (FSP(0) =1t (10.3)
(b) If ¢ is not in Ran(F,(x)), then,

FV () = inf{x| Fy(x) > 1} = sup{x|Fy(x) <1} (10.4)

where inf stands for infimum and sup stands for supremum. In Eq. 10.2, if F,(x)
and F,(y) are continuous function, then C’(u, v) is a valid copula function. Hence,
copula can be constructed using the information of marginal distributions and joint
distribution. This method of constructing copula is called inversion technique to
construct copula.

Example 10.3.1
If a joint distribution function is given by,

G+ =1
e (Y el-1,1]1x [0, 00),
Hey(x,y)=11—-¢7  (x,y) €[l,00) x [0, 00),

0 elsewhere.
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with the marginal distribution functions as,

0 x < —1, 0
< 9
F)={(x+1/2 xe[-1.1], and F,(y) = Y
l—e™” y>0.
1 x> 1.

Find the corresponding copula function.

Solution If the reduced variate of X isu € [0, 1] (i.e., Fy(x) = u or Fx(fl)(u) = X),
then the quasi-inverse of Fy(x) is given by,

FSVw) +1
U= ——"———

> r F)g_l)(u) =2u—1

Similarly, if v is the reduced variate of Y, then the quasi-inverse of F,(y) is given

by,
FY@) = —In(1 —v)

Both F(x) and F,(y) are both continuous functions with range I. Hence, the corre-
sponding copula C is given by (Eq. 10.2),

_ _ Qu — 1+ 1)(e~ =0 1) uv
C=Hy,(F ), FFP(v) = =
xy (B ), By (@) 2u — 1+ 2enl-v) ] u+v—uv

10.4 Basic Properties of a Copula Function

Before discussing the basic properties of a copula function, some basic terminologies
are discussed in the following section.

10.4.1 Basic Terminologies

H — volume

Let us assume that S| and S, are two non-empty subsets of set of real numbers, R,
and H (x, y) is a function defined on §; x S,. For any two points (x;, y;) and (x;, y2)
in S| x S, the corresponding rectangle B can be defined as [x;, x»] X [y1, ¥2]. The
H — volume for rectangle B is the volume enclosed by H function and XY plane.
Mathematically, H — volume for rectangle B is expressed as

Vi(B) = H(x2, y2) — H(x1, y2) — H(x2, y1) + H(x1, y1) (10.5)
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H — volume can also be expressed as second-order differencing of H on B.
Vu(B) = AifAij(x, y) (10.6)

where A}l H (x, y) represents first-order differencing of function H(x, y) keeping
X constant, i.e., A;fH(x, y) = H(x,y;) — H(x, y;). Similarly, Aij(x, y) =
H(xa,y) — H(x1, y).

2-Increasing Function

The concept of 2-increasing function in two-dimensional case is analogous to
non-decreasing functions in one dimension. A two-dimensional real function is
2-increasing, if H-volume of any rectangle B is nonnegative, i.e., V,(B) > 0 for
all rectangles B whose vertices lie in Dom(H). This is graphically represented in
Fig.10.2.

Rectangle B
(a) 4 Denoted as (b)

[33‘1,23‘2] X [y1,y2] 1.0

(z1,92) (22, y2)

(z1,91)

S22

Base area of the surface is
the domain of H, Dom H

Vi (B) = H(z2,y2) — H(x1,y2) — H(w2,y1) + H(z1,y1)

Fig. 10.2 a Rectangle B denoted as [x1,y;] X [x2,y2]; b Joint CDF HX’Y(x,y);
¢ H—volume of B denoted as V, (B)
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1.0
0.8
/Q 0.6

E 04

H is zero at these

line sengments

Fig. 10.3 Pictorial representation of a two-dimensional grounded function

Grounded Function

A two-dimensional function G (x, y) having domain S; x §, is called grounded, if
G(a;,y) = 0 = G(x,ap) for all (x,y) € Dom(G(x, y)), where, a; and a, are
the least elements of S; and S, respectively. Copula functions are required to be
grounded. As domain of copula function is I?, so a; = a; = 0. The copula function
shown in Figs. 10.1 and 10.3 is grounded as the value of copula function at « and v
axes is zero, i.e., C(0,v) = C(u, 0) = 0.

Properties of Copula Function (C (u, v))

A copula having a domain of I? has following properties:
(i) For every uy, us, vy, vo inl, if u; < up and v; < vy, then
Cuz, v2) — Cluz, v1) — Cuy, v2) + C(uy, v1) = 0 (10.7)
This property indicates that the copula functions are 2-increasing.
(i1) Forevery u,vinl

Cu,0)=C0,v)=0 (10.8)

This property indicates that the copula functions are grounded.
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(iii) For every u, vinl

Cu,)=u (10.9)
C,v)=v (10.10)

Example 10.4.1
Check whether the following functions of #, v € I can be considered a valid copula
function or not.

@ Cu,v) = uv ) Clu,v) =4
(b) C(u,v)=1 (e) C(u,v) = [max (u_l +v = 1,0)]71
(¢) C(u,v) =max(u+v—1,0) ® Cu,v)=|u+v-—2|

Solution A valid copula function should follow all the properties listed in
Sect. 10.4.1.

(a) For the function C (u, v) = uv, for all uy, u,, vy, v, € I, such that u; < u, and
v < Uy,

C(uz, v2) — C(uz, v1) — C(uy, v2) + C(uy, v1) = uvy — usvy — U1V +Uvg
Assuming uy = uj + d, then upv; + ujv; = () + d)vy + (U, — d)v; =
u1vy 4+ upv; + d (v, — vp). Hence, the above expression reduces to d (v, — vy).
Asd > 0and (v, —vy) >0, so
C(uz, v2) — C(uz, vy) — C(uy, v2) + C(uy,v1) 20
Then, for copula C(u, v) = uv,
Cu,0)=ux0=0

CO,v)=0xv=0

and
Cu,l)=uand C(1,v) =v

Hence, the function given by C(«, v) = uv is both grounded, 2-increasing in I.
C(u, v) = uv is a valid copula function.

(b) For the function C(u, v) = 1, for any uy, up, vi, vy € I

Cuz, v2) — Cluz, v1) = Cuy, v2) + Clup,v) =1-1-1+1=0
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However, the function is not grounded on « and v axes as C(u,0) = C(0,v) =
1 # 0. Moreover, C(u,1) = 1 # uand C(1,v) = 1 # v, and hence, the
function given by C(u, v) = 1 is not a valid copula function. Similarly, any
constant function cannot be a copula function.

(c) The function given by C(u, v) = [max (# + v — 1, 0)] should be 2-increasing
in L. For all uy, us, vi, v, € I, such that u; < u, and v; < v, the function (by
definition) is lower bounded by 0 and upper bounded by 1.

C(uz, v2) — C(uz, v1) — C(uy, v2) + C(ug,v1) >0
C(uz, v2) + C(uy, v1) = C(uz, v1) + C(uy, v)

By definition of C(u, v), no negative value of C(u, v) is possible, so there are
following four possibilities

(1) uz + vy < 1,then C(uz, v2) = C(uy, v1) = C(up, v1) = Cuy, v2) =0
and hence, C(u>, v2) — C(ua, v1) — C(uy, v2) + C(uy,v1) =0

(i) ur4v; > landu;+vy < 1,thenC(uz, v2) = ur+vo—1 >0, C(uz, vq) =
ur +vi—1>0 and C(uy,vy) = C(uy, ) =0
and hence, C (uy, v2) — C(ua, v1) —C(uy, v2) + C(uy,v)) =up+v,—1—
up—vi+1l=v—-v >0

(iil) u;+v, > landur+v; < 1,thenC(up, v2) = ur+v,—1 >0, C(uy, v2) =
uy+v,—1>0 and C(uy,vy) = C(uz,v1) =0
and hence, C (uy, v2) — C(us, v1) —C(uy, v2) + C(uy,v1) = up+vo—1—
uy—v+l=u—u; >0

(iv) u; +v; <1 then
C(uz, v2) — C(uz, v1) — C(uy, v2) + C(uy,v)) =us+v2 —1—up — vy +
1—M1—U2+1+M1+Ul—120

Hence, the function given by C(u, v) = max(u + v — 1, 0) is 2-increasing.
The function is also grounded as C(u, 0) = C(0, v) = 0. Further, C(u, 1) =
max(u + 1 —1,0) = u, and similarly, C(1, v) = v. Hence, the C (u, v) is a valid
copula function.

(d) The function given by C(u, v) = (u®> + vz)/Z is not grounded as C(u,0) =
u? / 2 # 0 for all # € I, and hence, it cannot be a valid copula function. It should
be noted that violation of even single property listed in Sect. 10.4.1 is enough to
declare the function unfit for being a copula function.

(e) The function C(u, v) = [max (LF1 +ov -1, 0)]71 can be proved to be 2-
increasing using the different cases as done in Example 10.4.1d above. The
function is grounded as C(u,0) = C(0,v) = 0. Further, C(u,1) = u and
C(1,v) = v, hence, the function C(u, v) = [max (LF1 4+l =1, 0)]71 is a
valid copula function. It should be noted that this copula function and function
discussed in Example 10.4.1d above are derived from same class of copula known
as Clayton copula. The details of Clayton copula are discussed in Table 10.1.

(f) The function C(u, v) = |u + v — 2| is not grounded as C(u, 0) = |u — 2|, and
hence, it is not a valid copula function.
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Frechet-Hoeffding Bounds
Let C be a copula, then for every (u, v) in Dom(C),

max(u +v—1,0) < C(u, v) < min(u, v) (10.11)
or, W(u,v) < C(u,v) < M(u, v) (10.12)

where W(u,v) = max(u + v — 1,0) and M (u, v) = min(u, v). The functions
W(u, v) and M (u, v) are called lower and upper Frechet—-Hoeffding bounds. The
graphical representation for these bounds is given in Figs. 10.4 and 10.5, respectively.
As copula couples two marginal distributions to obtain joint distribution, hence,

(a) (b)
oS

0.8

=06

W(u

QREBRXXAKN
T AR
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L RN

0.2
0.2 4

0.0 T T T T
v 0.2 0.2 u 0.0 0.2 0.4 0.6 0.8 1.0
. . u

Fig. 10.4 Graphical representation of W (u, v) —a 3-d representation b Contour Plot

(a) (b) 1.0 I_

A%& 5]

0.6

0.4

M (u,v)

o207y, S
A SRR
I""‘;"“;""II‘\\‘\‘x\
'llZlez;ll“;’a&%&&%\

llll,;zz, \sgk\\\\
%

0.2

0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.0 u

Fig. 10.5 Graphical representation of M (u, v) —a 3-d representation b Contour Plot
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Frechet—Hoeffding bounds also apply as bounds to joint probability distribution.
Interestingly, forany ¢ € I, these bounds define the region in I, for which copula/joint
distribution function can have a value equal to 7.

10.5 Nonparametric Measures of Association

Correlation coefficient is used to quantify the linear association between two random
variables. However, if the variables are not linearly associated, then correlation coef-
ficient will be low despite the existence of association (nonlinear) between variables.
For example, the data pairs (x, y), where, y = mx + ¢ will show high correlation
coefficient (given ¢ is iid with zero mean). However, if z = In(y) then y and z will
have correlation coefficient close to zero, though they are associated. Hence, other
measures of associations are needed that can suggest the existence of association
between two variables irrespective of the nature of their interrelationship. One way
to achieve this is by measuring the association between the ranks of the variable,
instead of their values. The nonparametric or scale-free measures of association
make use of the ranks of the variables, rather than their values (as done in correlation
coefficient). Two such nonparametric measures of association are as follows:

(a) Kendall rank correlation coefficient or Kendall’s Tau (7)

Let (x1, y1), (x2, ¥2), ..., (x4, y») be the paired sample of two random variables,
X and Y. The ordered pair (x;, yx) can be transformed into their respective
ranks (R, R,f). Two pairs (x;, y;) and (x;, y;) are known to be concordant
if (i —x))(v —v;) > 0or (R — R))(R] — R}) > 0 and discordant if
(x; —x;)(yi—y;) < Oor (Rf — R}‘.)(Rl:v — R;f) < 0. Sample estimate of Kendall’s
tau is obtained as the difference between the probability of concordance and the
probability of discordance. Out of n paired samples, there are " C, different ways
to select two pairs. If there are ¢ number of concordant pairs and d number of
discordant pairs, sample estimate of Kendall’s tau is expressed as:

—d
=Pl —x)(yi —yj) > 0] = P[(x; —x))(yi —y;) <0] = CHT2 (10.13)

The Kendall’s tau is expected to follow normal distribution with mean O and
variance 2(2n+35) / 9n(n—1) under the assumption that X and Y are independent.
This information can be utilized to check the significance of Kendall’s tau. The
Kendall’s Tau (t) for u, v is related to copula function C, as given in the following
expression:

T= 4/ C(u,v)dC(u,v) —1 (10.14)

(b) Spearman’s rank correlation coefficient or Spearman’s rho (p;)
Spearman’s rank correlation coefficient (p,) is analogous to correlation coef-
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ficient and calculated in similar way with one difference that instead of using
the values of variables, their ranks are used. For a sample (x;, y;) of size n, to
compute p; the samples are first transformed to their respected ranks (R}, R}).
Spearman’s rho (py) is expressed as:

_ YR - RHR R
o T Ry

P (10.15)

If there is tie between two or more observations, an average of tie ranks is
assigned to all those ties. If all the ranks are distinct, p; can be computed as

6 Z?:l di

" (10.16)

pszl

whered; = (R} — R;) and n is the number of data. R} and R; stand for rank of x;
and y; in X and Y, respectively. For large samples, under the assumption that X
and Y are independent, Spearman’s rho follows normal distribution with mean
0 and variance 1 / (n — 1), like correlation coefficient. Hence, the confidence
interval of Spearman’s rho can be calculated in similar fashion as correlation
coefficient. The Spearman’s rho between u and v is related to the copula function,
as given in the following expression

Py = 12f/ude(u, v) —3 (10.17)

Equations 10.14 and 10.17 link the scale-free measures of association with copula
functions and hence can be used to derive relationship between copula parameter
and the scale-free measures of association.

Example 10.5.1

The daily temperature is measured for two towns (A and B). Following paired obser-
vations are obtained: (18.1, 23.3), (22.3, 26.0), (18.7, 25.5), (17.5, 30.0), and (24.5,
28.2). Calculate following measure of association for the ordered series.

(a) Kendall’s Tau (1)
(b) Spearman’s Rho (p;)

Note For drawing meaningful statistical inference, the data length should be suffi-
ciently large, which is not the case in this example. This example only illustrates the
procedure for calculating the scale-free measures of association. In the real world, the
data set can never be this small; however, the methodology for calculating the mea-
sures of association does not change and can easily be programmed using concepts
from this example.
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Solution Let us assume that random variables X and Y represent the temperature
for town A and B, respectively. The given data set can be arranged in increasing order
by considering the order of X as follows:

X 175 181 187 223 245
Y 300 233 255 260 282

The corresponding ranks are given by:

(a) Calculation of Kendall’s Tau t
For the first pair in table (i.e., (17.5, 30.0)), all other pairs are discordant. Simi-
larly, for second observation, there are 3 concordant pair. Similarly, concordant
and discordant pairs can be counted for each pair. The total number of concor-
dant pairs is 3 42 4 1 = 6, and total number of discordant pairs is 4. Kendall’s
Tau is given by

2(c—d) 26-4)
Tan—1 " 5x4

=02

(b) Calculation of Spearman’s Rho (py)
Here, R* = %ﬂ =3 = RY. Hence,

Z(Rx R = (=22 +(-1D*+2>+1°= 10—2(12y RY)?

Z(Rf —RYR] = R) = (=) x 24 (=1) x (=2) + 0+ 0+2x 1 =0
i=1
S (RF— R*)(R! — R)
LR - RP T (R Ry

=0

Example 10.5.2

The monthly anomaly of outgoing long-wave radiation (OLR; in W/m?) and monthly
precipitation (in cm) for last 6 months are recorded as (18, 1), (—15, 10), (14, 1),
(—=2,7), (—23, 12), and (1, 2). Calculate the following measures of association for
the ordered series.
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(a) Kendall’s Tau (1)
(b) Spearman’s Rho (py)

Solution Let us assume that random variables X and Y represent the OLR and
precipitation, respectively. The given data set can be arranged in increasing order by
considering the order of X as follows:

X -23 -15 -2 1 14 18
Y 12 10 7 2 1 1

The corresponding rank in increasing order is given by:

(a) Calculation of Kendall’s Tau t
For the first pair in table (i.e., (—23, 12)), no pair is concordant and five pairs
are discordant. Similarly, for second observation, there are 4 discordant pairs.
Concordant and discordant pairs can be counted for each pair. Hence, the total
number of concordant pairs is 0 and number of discordant pairis 5+4+3+2 =
14. Hence, Kendall’s Tau is given by

C2c—d) 20— 14)
Than—1 " 6x5

=-0.93

(b) Calculation of Spearman’s Rho (p;)
Here, R* = (283144540 — 3 5 Similarly, R* = 2.67. Hence,
" L(RF = R*)(RY — RY) = (=2.5) x 2.33 + (—=1.5) x 1.33+ (—0.5) x 0.33
+0.5 x (—0.67) + 1.5 x (—1.67) + 2.5 x (—1.67)

(R — RY)? _ (_—125.5)2 + (=1.5)% + (=0.5)% + (0.5)% + 1.52 +2.5?
" (R —RY)? z ;7322 +1.332 40332 + (—0.67)2 + 2 x (—1.67)2
=13.33
Hence,
Y (R — R)(R — RY) ~15

=—0.98

Ps = =
\/Z?:I(Rlx _ EX)Q Z:’ZI(RI) _ Ey)z \/175 x 13.33
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10.6 Copula and Function of Random Variables

Function/transformation of random variable may change their nature of association.
From Eqgs. 10.14 and 10.17, it is evident that copula is dependent upon the rank cor-
relation structure of the random variables. Hence, for any transformation of random
variable that does not change the rank dependence structure, copula function does
not change.

Let us assume two random variables X and Y with reduced variates u and v,
respectively, having a copula function Cyx y associated with them. Further, if o and
[ are strictly monotonic function on Ran(X) and Ran(Y) that transform X and Y,
respectively, then

(i) If aand 3 are both strictly increasing (hence, they preserve the rank dependence
structure)
Cax)pr)(u, v) = Cxy (u, v) (10.18)

(ii) If v is strictly decreasing and (3 is strictly increasing

Cox)pry(u,v) =v — Cxy(l —u,v) (10.19)
(iii) If v is strictly increasing and /3 is strictly decreasing

Cox)pry(,v) =u —Cxy(u,1 —v) (10.20)
(iv) If a and 3 are both strictly decreasing

Coxipry@,v) =u+v—1+Cxy(1 —u,1-v) (10.21)

10.7 Survival Copula

For studying extreme events, the probability of hydroclimatic variables being higher
(or lower) than some threshold value, in other words, the tails of the distribution are
of more interest. In such cases, a reliability function or survival function is defined
as Fx(x) = P(X > x) =1 — Fy(x), where Fy(x) is CDF of random variable X.

The joint reliability function for a random variable pair (X, Y) is given by
H .y (X, y) = P(X > x,Y > y). The corresponding survival functions are given by
Fy(x) = ﬁxyy(x, —o0) and F,(y) = I-—IX,Y(—oo, ¥). The joint distribution function
is related to joint reliability function as,

ﬁx’y(x, y)=1—F(x) — F,(y) + Hy y(x, ) (10.22)
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It should be noted that the Fy(x) and F,(y) are monotonically increasing function of
X and Y, respectively; hence, F, (x) and F, (y) are monotonic decreasing function
of X and Y. If C is the copula function for Fy(x) and F,(y), then the copula function
C for Fy(x) and F, (y) can be expressed by using Eq. 10.21 as,

A

C=u+v—1+C(1—u,1-vo) (10.23)

where u and v are reduced variates for X and Y. The copula function C is known as
survival copula of X and Y . Hence, survival copula establishes a relationship between
the joint survival function and marginals of X and Y in similar manner as done by
copula C for joint distribution and marginal distribution. In hydroclimatology, the
survival copula has been used for studying extreme events and its return period
(Salvadori and De Michele 2007).

10.8 Most Commonly Used Copula Function

Many copula functions exist that follow the properties listed in Sect. 10.4.1 and lie
between the bounds defined by Frechet-Hoeffding bounds (Sect. 10.4.1). Copula
function can also be derived/constructed for different joint distributions on case by
case basis. However, some of families of the copula functions are commonly used.
Two popular classes of copula families are Elliptical copula and Archimedean copula.

10.8.1 Elliptical Copula

Elliptical copulas constitute a family of copula derived from elliptical distributions,
such as normal distribution, Student’s-t distribution. An elliptical copula tries to
conserve the linear correlation between the data, and they use correlation coefficient
p as parameter. The elliptical copulas do not have close formed expressions and are
restricted to have a radial symmetry.

One of the popular elliptical copulas is Gaussian copula. A multidimensional

Gaussian copula Cg(uy, us, .. ., u,) with correlation matrix R is given by:
Crlur, uz, ... up) = Ok (7 w1), @~ (ua), ..., @ (uy)) (10.24)
where uy, us, ..., u, represent the reduced variates, ®~! is the inverse cumu-

lative distribution function of a univariate standard normal distribution, and @’
is the joint cumulative distribution function of a multivariate normal distribution
with zero mean vector and covariance matrix equal to correlation matrix between
& (uy), ®'(uy), ..., ® ' (u,), denoted as R. There is no analytical, closed-form
solution for this copula function Cg(u1, us, ..., uy,).
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The bivariate Gaussian copula can be written as,
Cr(u,v) = O3 ('), 7' (v)) (10.25)

Lp
pl
coefficient between ®~! (1), &' (v). The copula density for the same can be written
as,

In bivariate case, the correlation matrix R stands for |: i|, where p is correlation

200~ W)@ (v) = PP W) + 27 (1)) }

1
cr(u,v) = o exp { 22— 1)

and the bivariate gaussian copula can be written as,

& () @1 (v) 1 208t — 202 [2
CR(M,U):/ { pst—p7(s” + )}dsdt (10.27)

——€X
o SR PT 2o

Another commonly used elliptical copula is t-copula. For a matrix X having n
different variables (X, X, ..., X,,), if

(10.26)

N

X=u+Yl7 (10.28)

Vs

where p € R", § ~ Xi and Z ~ ¢,(0, X) are independent, then X follows n-variate
t,~distribution with mean y and covariance matrix %5 % (for v > 2). If v < 2, then
covariance of X is not defined. An n-dimensional t-copula C,, g(uy, uz, . .., u,) for
X is represented as,

Cor(ur, uz, oo yuy) =15 g (1 wy), 1, ), o () (10.29)

where uy, us, ..., u, represent the reduced variates for X, X, ..., X,,, respectively,
t1 is the inverse cumulative distribution function of Student’s t-distribution with
v degrees of freedom, and 7, , is the joint cumulative distribution function of a
multivariate Student’s t-distribution with v degrees of freedom and covariance matrix
equal to correlation matrix between 7, ' (u1), 1,7 (u2), ..., ;' (u,), denoted as R. In
bivariate case, the t-copula expression can be written as,

til(u) til(v) 1 2 2 2 *(u+2)/1/
v v — 2pst +1t
C = 1 dsdt  f 2
v.R V) /_oo /_oo 27/det(R) { TG } sartorv >
(10.30)
. . . 1 .
where R is correlation matrix between 7, 1 (u), t,; 1 (v); thus, R = |:p f], where p is

correlation coefficient between ¢, '(u) and t; '(v). det(R) represents the determinant
of matrix R.
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10.8.2 Archimedean Copula

Archimedean copula is extensively used in hydrologic and hydroclimatic problems.
Any copula that can be expressed in terms of C (1, v) = ¢~ (¢(u) + ¢(v)) is known
as ‘Archimedean copula,” where ¢ is known as generator function of copula. ¢ is
a convex, strictly decreasing, continuous function from [0, 1] to [0, co), such that
¢(1) = 0and ¢!~ Misits ‘pseudo-inverse’ ¢!~ : [0, 00) — [0, 1].If $(0) is oo, then
¢ is called strict generator function, and corresponding Archimedean copula is called
strict Archimedean copula. In case of strict generator function, the ‘pseudo-inverse’
(=1 is ¢~ !, otherwise ‘pseudo-inverse’ (¢[~!) is defined as:

(10.31)
0, o(0) <t <0

(1), 0<t<9¢0

Sy = {<Z> (1), 0<1<¢0)

Any Archimedean copula C is symmetric and associative, i.e., if u, v, w € I, then

C(u,v) = C(v,u) and C(C(u,v), w) = C(u, C(v, w)). Further, Kendall’s Tt and

the generator function are related in case of Archimedean copula. The relationship
is expressed as,

1
=1 +4f 0w 1y (10.32)
o ¢'(u)

This relationship is useful for obtaining joint distribution from sample measure of
dependence in terms of the estimate of Kendall’s tau. A list of few Archimedean cop-
ulas, commonly used in hydrology and hydroclimatology, is provided in Table 10.1.
There are several advantages of Archimedean class of copulas that made them pop-
ular among researchers in the field of hydrology and hydroclimatology. Some such
reasons are listed below.

(i) This class of copula can be easily constructed using generator function.
(i1) There are many different Archimedean copulas available that are applicable for
arange of dependence parameters.
(iii) The different varieties of Archimedean copulas have useful properties, such as
having an explicit expression based on generator and catering a high dimension
using single parameter derived from measure of dependence.

Multivariate Archimedean Copula
Due to symmetry of two-dimensional Archimedean copula, these copula can be

nested to get multivariate symmetrical Archimedean copula. For three-dimensional
case,

Cuy, uz, uz) = C(Cur, uz), uz) = ¢ (o™ (dur) + ¢(u2))) + B(uz))
(10.33)
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If generator function () is strict and its inverse ¢! is strictly monotonic on [0, c0),
then n-dimensional Archimedean copula can be formed by nesting. It should also be
noted that in Eq. 10.33, the generator functions are same. If generator function is not
same while nesting two Archimedean copulas, then the nested copula is asymmetric.
Some of the common nested asymmetric three-dimensional Archimedean copula is
listed in Table 10.2 (after Joe 1997).

Example 10.8.1
Let ¢g(t) = (1 —1)? for 1 < 6 < oo is the generator of an Archimedean copula.
Formulate the corresponding Archimedean copula.

Solution The generator function is expressed as:
o) =1 —1)f for1 <6 < o0

Thus,
$9(0) =1

The ‘pseudo-inverse’ of the generator function is expressed as,

o1 — 1—ti, 0<r<1
~ o, r>1

and the corresponding Archimedean copula is expressed as,

Cu,v) = ¢ (pw) + ¢(v))
=1 -w'+ (1 -v))
:(1—[(1—u)9+(1—v)9]5) foru, v € 1

Here, it should be noted that C(u, v) is not a valid copula function as it is not
1

grounded, and there is chance that (1 [ =w)!+ 1 —-v)] 9) < 0; hence, to

ensure that the function is bounded in /, the function C (u, v) is modified as

o) = {1 A= + 1 =v)] forl—[(1—uw)+(1 -] >0
0 otherwise

= max (l — [(1 —w)f+ - v)e]é,O)

Example 10.8.2
Formulate the Archimedean copula with generator function given as ¢y (¢) = (1 - t(’)
forl <0 < 00?
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Solution The generator function is expressed as:
dot) =1 —1")forl <6 < 0

Att = 0, ¢9(0) = 1. Hence, the ‘pseudoinverse’ of the generator function is
expressed as,

A= o0<r<1

-1 _
¢ 0, t>1

and the corresponding Archimedean copula is expressed as,

Cu,v) = ¢ Npw) + ¢(v))
=1 —u’) + (1 -")
=(1=-[a=u)+a-vH])"

=(u9+v9—1)1/9 foru,v el

Here, it should be noted that C(u, v) is not a valid copula function as it is not
grounded, and there is chance that (u9 + 0 — 1) < 0; hence, to ensure that the
function is bounded in I, the function C(u, v) is modified as,

Clu U)_{(u‘g—i-va—l)l/e for (u’ +v'—=1) >0
o

otherwise

= max ((u0+v‘9 - 1)]/9,0>

Example 10.8.3

In context of Example 10.5.1, the temperature for town A is found to follow nor-
mal distribution with mean of 17.5°C and standard deviation of 2.7°C. Similarly,
the temperature for town B is distributed normally with mean 22°C and standard
deviation of 4.2 °C. Fit Clayton and Gumbel-Hougaard copula to the data.

Solution The observed temperature for both cities can be converted to reduced
variate (u, v) through their respective marginal distributions.

u 0588 0962 0.672 0.500 0.995
v 0622 0830 0.798 0972 0.930

From Example 10.5.1, T = 0.2.
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(a) Clayton Copula Fitting

The parameter for Clayton copula can be calculated as (Table 10.1)

0
T2
or,0.2(0+2) =16

or, =0.5

The value of 6 is valid for Clayton copula because the parameter for Clayton
copula must be in the range of [—1, c0)\{0}. Hence,

u=u05=[1304 1019 1220 1.414 1.002]
vl =v05=[1.268 1.098 1.120 1.014 1.037]
max(u™? +v70 — 1,00 =[1.573 1117 1340 1429 1.039]

0, -0 ~1/0
S0, Cou,v) = [max@ ™’ +v7" = 1,0)] /" =[0.404 0801 0557 0490 0.926]

(b) Gumbel-Hougaard Copula Fitting

From Table 10.1, the parameter for Gumbel-Hougaard copula in terms of t is
given as

T= —

0

1
or, ) = — =1.25
0.8
The value of parameter § = 1.25 is valid for Gumbel-Hougaard copula (6 €
[1, 00))

(—nw? = (—nw)'? =[0453 0017 0316 0.632 0.001]
(~nv)? = (!> =[0395 0.123 0.156 0012 0.038]

1/6
[(—1nu)"+(—1nv)‘9]/ =[0.704 0.877 0.548 0.207 0.074]

0 011/
S0, Cylat, ) = exp (= [(=nw’ + (~mw)] ") =[0.416 0813 0578 0495 0928]

Example 10.8.4

For the data given in Example 10.5.2, monthly anomaly of OLR is distributed nor-
mally with mean 0 W/m? and standard deviation 8 W/m?. The monthly precipitation
is found to follow exponential distribution with mean 4 cm. Fit Clayton, Frank, Ali—
Mikhail-Haq, and Gaussian copula over the data set.

Solution The observed monthly mean OLR (X) and precipitation (¥) can be con-
verted to their reduced variates (# and v, respectively).
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u 09878 0.0304 09599 0.4013 0.0020 0.5497
v 02212 09179 02212 0.8262 0.9502 0.3935

From Example 10.5.2, Tt = —0.93
(a) Clayton Copula Fitting

The parameter for Clayton copula can be calculated as (Table 10.1)

0
T2
or, —093(0+2)=40
or, = —0.964

As 0 € [—1, 00)\{0}, the value of 8 is valid for Clayton copula. Hence,

u? =u0%* = [0.9882 0.0345 09614 04147 0.0025 0.5617]
vl =094 — 102335 09207 02335 0.8319 0.9520 0.4069 ]
max(u™? + 07 —1,0)=[02218 0 0.1949 02466 0 0]

—-1/0
SO,cg(u,u)z[max(u*0+u*‘9—1,0)] /:[0.2096 0 01834 02341 0 0]

(b) Frank Copula Fitting

Frank copula parameter () is calculated as,

4
T=1—5[D1(9)—1]

4
or, 1.93 = S [Di(6) 1]

1 [ t
where, D;(0) = 5 Wdf
0 —

Solving the above equation numerically, § = —55.45, which is a valid parameter
value for Frank copula. Hence,

1
Co(u,v) = —éln (1 +

n (1 N (855.4514 _ 1) (655,451) _ 1))

1
5545 €545 — ]

The value of u and v can be substituted, and the Frank copula values can be
calculated using above equation.
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Co(u,v) = [0.2090 0.0008 0.1811 0.2275 0.0001 0.0008]

Ali-Mikhail-Haq Copula Fitting

From Table 10.1, the parameter for Ali-Mikhail-Haq copula in terms of t is

given as
30 —2\ 2In(1 —6) 1\’
T = — 1 —_—
0 3 0

Hence, § = —353.3, and this value of parameter 6 is invalid for Ali-Mikhail-Haq
copula. So Ali-Mikhail-Haq copula cannot be used for modeling the relationship
between mean monthly OLR and precipitation.

Gaussian Copula Fitting

The standard normal reduced variates (Table B.1, p. 434) corresponding to u and
v are,

® ') =[2.250 —1.875 1750 —0.250 -2.875 0.125]
® ') =[-0.768 1391 —0.768 0.939 1.647 —0.270]

For fitting Gaussian copula, the correlation matrix needs to be calculated between
&~ !(u) and ®~'(v). As described in Sect.3.5.6, the correlation coefficient is
given by

To-1(u),d (v) —2.074

C OoiwOoiw  +/3.972 x 1.200

Hence, the correlation matrix between ®~!(u) and ®~!(v) is given by

1-095
k= [—0.95 1]

Using R, the Gaussian copula function is expressed as (Eq. 10.24)

=—-0.95

Cr(u,v) = Og (7' (), 7' (v))

where @y is bivariate Gaussian distribution CDF with zero mean vector and
covariance R. As bivariate normal distribution CDF cannot be solved analyti-
cally, hence, the numerical solution for the Gaussian copula for values of u and
v is given as

CR(u,v)=[0.2090 0.0009 0.1812 0.2281 0.0000 0.0262]
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10.9 Selection of Best-Fit Copula

Given the sample data, if there are more than one potential copulas, best-fit copula has
to be selected. There are several goodness-of-fit (GOF) tests for statistically checking
the suitability of a copula. Most of these approaches use (a) empirical copula, (b)
Kendall’s transform, and (c) Rosenblatt’s transform.

10.9.1 Test Using Empirical Copula

These tests compare the distance between the empirical copula (C, (u, v)) and para-
metric estimate (Cg (u, v)) of C, where u and v are the reduced variates of the sample
data X (x1,x2,...,x,) and Y (y1, y2, ..., yu), respectively, and n is the number of
observations. The empirical copula (C,) is defined as:

1
Co(u,v) ==Y S(U <u,V <), w,vel  (10.34)
n

Yu,v

where J(e) is the indicator function that takes a value of 1 if the argument (e) is true
and 0 if it is false. The Cramér-von Mises and Kolmogorov—Smirnov (KS) statistics
are based on the distance between fitted copula and empirical copula. The Cramér-
von Mises statistic (S,,) is a popular goodness-of-fit test statistic for copula models
(Genest et al. 2007). The statistic S, is expressed as:

Su= D (Calu, v) = Clw, )’ (10.35)

Yu,v

The KS statistic (7},) is based on the absolute maximum distance between C,, and
CY. Tt is expressed as:

T, = max [/ (Cy (. v) = C;/(u, v))] (10.36)

10.9.2 Test Using Kendall’s Transform

For the best-fit copula selection procedure using Kendall’s transform, « is obtained
from the joint distribution, derived parametrically using a particular copula, C, ,f Jtis

expressed as follows:
k(1) = P(C,(u,v) <1) (10.37)

The « is determined either parametrically (x) or nonparametrically (k,). k, is
derived using the empirical distribution function C,, (Genest et al. 1993, 2009) as



406 10 Theory of Copula in Hydrology and Hydroclimatology

given below,

k(1) = rll ZS\(Cn(M’ v) <1) (10.38)

Yu,v

The test statistics (S{™ and 7,() are basically the rank-based analogues of the
Cramér-von Mises and KS statistics (Genest et al. 2009). The test statistics Sfl”) and
T™ are expressed as,

ST =" (kalt) — k(1)) (10.39)

Vi
T = sup |k, (1) — K(2)] (10.40)
Vit

10.9.3 Test Using Rosenblatt’s Probability Integral
Transformation

The Rosenblatt’s probability integral transformation of the copula is defined as
R(u,v) = (e, ), where ¢, = OCY/0u, e, = OC[/dv. Based on the proper-
ties of Rosenblatt’s transform, (u, v) is approximately distributed as C g , if and only
if the R(u, v) is a bivariate independent copula, i.e., C (e, e,) = e, X e,, where
e, e, € L. The R is estimated either parametrically (Rfl) or nonparametrically (R),).
The R, is derived following Genest et al. (2009) as follows,

1 n
Ry (e, e,) = - ZS(El <e,E <e) fore,,e, €l (10.41)

i=1

RY as stated above is given by C,. Further the two Cramér-von Mises statistics,
S® and S{©), are estimated to check the distance between R, and R?. S can be
calculated as:

SB =1 (Ruley.ep) — Ciley.ey))’ (10.42)

i=1
and S{©) can be estimated as

n

Sr(lC) =n Z (R,,(el, e,) — Cj(e, 62))2 R, (e, e;) (10.43)

i=1

For all the measures (S, T,, S, T, S{& and §{©), the lower the value, the better
is the fit. Thus, the copula function with the lowest value of these statistics indicates
the best-fit copula. Further, when the best-fit copula is found to be different using
different statistics, the more preferable statistic is honored while selecting the best-fit
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copula. The preference order is S& > S, > S > SO > T, > T" based on their
power (Genest et al. 2009). The copula showing best-fit based on these criteria is
selected for further analysis and denoted as C(u, v).

Example 10.9.1
For the two copula models fitted in Example 10.8.3, calculate the Cramér-von Mises
statistic and Kolmogorov—Smirnov (KS) statistic. Select the best copula based on
these statistics.

Solution The empirical copula function is given by (Eq. 10.34)

C,,(u,v):%ZS(Uﬁu,va):[O.Z 06 04 02 08]

Yu,v

(a) Goodness-of-fit statistics for fitted Clayton copula

The Cramér-von Mises statistic is given by (Eq. 10.35),

Sn =2 (Cutu, ) = Clta, u))2

Yu,v
= (0.404 — 0.2)%> + (0.801 — 0.6)> + (0.557 — 0.4)%> + (0.490 — 0.2)> + (0.926 — 0.8)>
=0.207

The KS statistic is given by (Eq. 10.36),

T, = max |1 (Co(u, v) — Cl(u, v))| = /5 x 0.29 = 0.648
u,ve

(b) Goodness-of-fit statistics for fitted Gumbel-Hougaard copula

The Cramér-von Mises statistic for fitted Gumbel-Hougaard copula is given by
(Eq.10.35),

Sn =2 (Cutut, ) = Clta, v))2

Yu,v
= (0.416 — 0.2)%> + (0.813 — 0.6)> + (0.578 — 0.4)%> + (0.495 — 0.2)> + (0.928 — 0.8)>
=0.227

The KS statistic is given by (Eq. 10.36),

T, = max |v/n (G, (u, v) — C(u, v))| = /5 x 0.295 = 0.659

u,vel

In this example, lower values of both S,, and T, suggest that Clayton copula is better
compared to Gumbel-Hougaard copula. However, in some applications, both S, and
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T,, may not agree on best copula, and then, copula should be selected on the basis of
Su, as S, has more power compared to 7, (S{® > S, > S > 8§ = T, > Tr).

10.10 Use of Copulas

Copula can be used in hydroclimatic studies for data generation, multivariate fre-
quency analysis, probabilistic prediction of hydroclimatic variables, and many other
applications. These uses of copula are discussed in the following subsections.

10.10.1 Data Generation

Data generation using copula preserves the dependence structure between the asso-
ciated variables. Two methods exist for data generation using copula: One is specific
to Archimedean copula and other can be applied to any copula. These methods are
discussed as follows:

(i) Simulation of random variates preserving the dependence structure using
Archimedean copula can be done using the following algorithm (Genest et al.
1986):

(a) Foran Archimedean copula, functional forms of ¢!~!1(e), ¢'(e) and ¢ (e)
are obtained using ¢y (e), which is the generator function with parameter 6.
Equation 10.31 is used to obtain ¢!='(e). Same can be used for ¢~ (e)
after obtaining ¢'(e), which is derivative of ¢(e) with respect to e.

(b) Two independent uniformly distributed (U (0, 1)) random variates, u and r,
are generated.

(c) Twonew variables, S and W, are obtained ass = ¢'(u) /r andw = ¢=11(s).

(d) Another variable, v, is obtained as v = ¢["(¢(w) — #(u)) (Genest et al.
1986). The pairs u and v are the simulated pair, preserving the dependence
structure.

(e) Both these u and v are in the range [0, 1]. These simulated pairs of # and v
are then back-transformed through their corresponding cumulative marginal
distributions.

(i) The more generalized approach for data generation uses the conditional prob-
ability function developed from copula. Hence, before applying this method,
marginal distribution of the associated variables and copula function or joint
distribution should be known. If the reduced variate of the variables is denoted
by u and v, respectively, then the steps are given as,

(a) Conditional distribution for v given u is obtained from the copula or joint
distribution (Eq. 10.54).
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(b) Uniformly distributed (U (0, 1)) random variates u and p are generated.

(c) Substituting u in the expression for conditional distribution of v given u, the
expression is equated to p to solve for v. This gives the values of v based
on the dependence structure between u and v.

(d) Both u and v are in the range [0, 1]. These simulated pairs of # and v are then
back-transformed using their corresponding inverse cumulative marginal
distribution.

Example 10.10.1

From the historical records, monthly maximum rainfall duration (in hour) is found
to follow exponential distribution with mean maximum rainfall duration of 1 / 2h.
The monthly maximum discharge (in cumec) is found to follow a normal distribution
with mean 500 cumec and standard deviation of 36.5 cumec, if the joint distribution
between these variables can be obtained by using Ali-Mikhail-Haq copula with § =
0.5. Generate monthly maximum rainfall duration and monthly maximum discharge
for a year.

Solution Let us assume that X and Y are two random variables (with corresponding
reduced variates u and v) representing the monthly maximum rainfall duration and
monthly maximum discharge, respectively. The CDF for X and Y is given by,

Fix)=1l—e™M=1—¢% x>0
Y 1 '
Fy(y) = / e 0TI gy —00 <y <00
—00 V/2mo?
_ fy 1 o= (=500 /26645 ., —00 < y < 00
9149

The joint distribution of variables X and Y, using Ali-Mikhail-Haq copula with
0 = 0.5, can be evaluated using (Table 10.1),

uv
FXY £ = f E) 051
) = TS T oru, v el0. 1]

The conditional distribution for ¥ conditioned on X is given by,

OFyy(x,y) _ uv(v/2 —1/2) v

Fony[X =2 = —5 == = (@2-12D0-D-12 @2-1/w-1-1

The 12 randomly generated values for u are 0.74, 0.08, 0.13, 0.10, 0.97, 0.33, 0.56,
0.03, 0.20, 0.70, 0.04, and 0.94. Similarly, 12 random values for p are 0.44, 0.38,
0.77,0.80,0.19,0.49,0.45, 0.65,0.71,0.75, 0.63, and 0.25. For estimating the values
of v, the conditional distribution of Y given X is solved by substituting # and equating
to p. The obtained values of v are,
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v:[O.Sl 0.26 0.68 071 029 045 048 050 0.63 0.79 048 0.35]

The reduced variates # and v can be transformed back to the variables X and Y using
the relationship given above. Hence, the back-transformed variables are given by,

X=[067 004 007 005 1.75 020 041 0.02 0.11 0.60 002 1.41]
Y =[501.0 4768 517.0 519.8 479.7 4954 4979 499.6 5124 529.0 498.1 486.4 ]

Example 10.10.2
For the best copula selected in Example 10.9.1, generate 10 random data for temper-
ature of cities A and B by using the methodology proposed by Genest et al. 1986.

Solution The best selected copula is Clayton copula with # = 0.5. Hence, the
generator function is given by:
[ -0.5
Po(1) = 50 -D=2""-1

o @) = 0r + 1) = (0.5t + 1) 72

o doe(t)
Pp(t) = di

=2(=0.5:"1) = —719

Hence, ¢} (0) = oo, so (b;,[_l](t) is given by,

oy o) = (=7

Ten random numbers between 0 and 1 generated for u are 0.93, 0.69, 0.05, 0.18,
0.19, 0.75, 0.85, 0.36, 0.83, and 0.59. Similarly, the random numbers between 0 and
1 generated for r are 0.65, 0.01, 0.56, 0.51, 0.46, 0.75, 0.02, 0.07, 0.23, and 0.73. S
and W are obtained as s = ¢/(u) /r and w = ¢'=!1(s). Hence,

S=[-17 —1745 -159.7 -257 -262 -20 -638 —66.1 —-57 -3.0]
And

W= [0.69 0.03 0.03 0.11 0.11 0.62 0.06 0.06 0.31 0.48]

Simulated v can be obtained using the relationship v = ¢!~ (p(w) — d(u)) =
(w—o‘s 05 4 ])—2

v=[0.75 0.03 0.19 036 0.34 0.8 0.06 0.09 0.35 0.77]

The u and v can then be back-transformed to generate the temperature of cities A
and B using the information about their marginals as given in Example 10.8.3,
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Tp=[2148 18.84 13.06 1503 1513 19.32 2030 16.53 20.08 18.11]
Tg =[24.83 14.10 1831 2049 2027 2553 1547 1637 2038 25.10]

Example 10.10.3

In the last example, considering the same values of u, generate 10 values of temper-
ature of cities A and B by using the conditional relationship between the temperature
of two cities.

Solution The best copula fitted between temperature of cities A and B is Clayton;
hence, their joint distribution is given by,

Fron(tar tg) = C(Fy, (1), Foy(t5)) = [max (w05 40705 = 1,0)] /%

where u = F;,(t,) and v = F;,(t5). The conditional distribution for temperature
variate for city B when temperature variate for city A is available is given by:

O [max (u™05 +v705 — 1, 0)]_1/0'5

ou
_ :—9("_0%5;051)2 for (™ +v % —1)>0
B 0 otherwise

FTE/TA(tB/TA = IA) =

B u—ls (ufo.s + 05 1)*3 for (ufo.s + 005 1) -0
0 otherwise

Ten random numbers between 0 and 1 generated for u are 0.93, 0.69, 0.05, 0.18,
0.19, 0.75, 0.85, 0.36, 0.83, and 0.59. Similarly, 10 random numbers for p between
0 and 1 are 0.35, 0.83, 0.59, 0.55, 0.92, 0.29, 0.76, 0.75, 0.38, and 0.57. For genera-
tion of random variates of temperature values at City B, the conditional distribution
for temperature of city B given temperature of city A should be equal to p, i.e.,
Fr o (tg / Ty =t,) = p. Hence, corresponding to the value of temperature variate
of city B, (v) is evaluated as,

v=[0.49 0.86 0.29 0.43 0.88 0.40 0.82 0.73 0.50 0.62]

The u and v can be converted into temperature values for the cities by using their
marginal distributions. According to Example 10.8.3, the temperature for town A
follows normal distribution with mean of 17.5°C and standard deviation of 2.7°C.
Similarly, the temperature for town B is distributed normally with mean 22 °C and
standard deviation of 4.2°C.

TA:[21.48 18.84 13.06 15.03 15.13 1932 2030 16.53 20.08 18.11]
TB:[21485 26.57 19.66 21.29 2698 20.89 2585 24.62 2197 23430]
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10.10.2 Probabilistic Prediction Using Copulas

Another potential application of copulas is probabilistic prediction of hydrologic
and hydroclimatic variables. Major steps to be followed are presented in a flow chart
(Fig. 10.6). As shown in Fig. 10.6, there are three major steps: (A) data preprocessing
and analysis; (B) fitting suitable copula model; and (C) prediction of the dependent
variable. These steps are explained below in detail.

(A) Data preprocessing and analysis: Data preprocessing includes many general
statistical operations such as missing value treatment, outlier removal. However,
these are general steps for any statistical modeling and should be carried out
with caution. For instance, outliers need not always be erroneous data. These
may be the data for extreme events.

Specific to application of copulas, estimation of scale-free measure of associa-
tion and fitting a suitable marginal distribution are essential.

(a)

(b)

Estimation of scale-free measure of association:

As mentioned before (Sect. 10.5), there are two popular scale-free measures
of association (nonparametric measures of association), namely Kendall’s
tau (1) and Spearman’s rho (p,). Sample estimates of these statistics are
computed from the data.

Estimation of marginal distributions: Fitting univariate parametric marginal
distribution to any random variable is discussed in Chap. 6, using the theory
from Chaps.4 and 5. Readers may refer to chi-square test, Kolmogorov—
Smirnov test, Anderson—Darling test, etc., for this purpose (Sect. 6.4.4).
However, a parametric distribution may not always fit to hydrologic or
hydroclimatic data with reasonable accuracy. In such cases, a nonparametric
distribution may be adopted. Methodology to fit a nonparametric distribu-
tion to the data is explained as follows:

Kernel density estimator is the most popular method for estimation of non-
parametric density (Bosq 2012). The kernel estimate of probability density,
for a real-valued time series, x;,i = 1, 2, ..., n, can be expressed as,

. 1 <&
Flto =~ ; Ki(x —x;) (10.44)

where K, (z) = 1/hKr (z/h), in which h is the smoothing parameter and
K is the kernel function. Different types of kernel functions are naive, nor-
mal, and Epanechnikov. Mathematical formulations of these kernel func-
tions are shown below (Bosq 2012).
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The cumulative probability density is obtained from the corresponding non-
parametrically estimated probability density. Either parametric or nonpara-
metric marginal probabilistic distribution is used to obtain the reduced vari-

ate of the random variable.

(B) Fitting suitable copula model: Once the reduced variates are obtained using the
fitted marginal distribution, a number of candidate copula functions are selected.
These copula functions are fitted by estimating their parameters form the reduced
variates. The best-fitted copula is then selected from all fitted candidate copula.

(a) Copula fitting: Let us consider ordered pairs of random variables X and Y

represented as (xi, yy), ...

, (X4, yn). In general, parameter(s) of a copula

function (Cy) can be estimated using different methods, such as:
(i) Inversion of scale-free measure of association,

(ii)) Maximum likelihood estimate (MLE),

(iii) Inference from margin (IFM),

(iv) Canonical maximum likelihood (CML).

Inversion of Scale-Free Measure of Association

In case of one-parameter bivariate copulas, the popular approach is the inver-
sion of Spearman’s or Kendall’s rank correlation (Genest et al. 2007). The
relationship between Kendall’s tau (T) and the dependence parameter 6 is
provided in Table 10.1 for some of the Archimedean copulas. After obtain-
ing the sample estimate of Kendall’s tau (t), the copula parameter 6 can be

estimated.

Maximum Likelihood Estimate

In general, the method of maximum likelihood is discussed in Chap.3
(Sect.3.7.2). Using the method of maximum log-likelihood estimate (MLE),
the copula structure with the copula parameters and individual marginal
parameters can be estimated. For MLE of copula parameters, log-likelihood
function of joint pdf is maximized with respect to all the parameters. A
bivariate joint pdf can be expressed in terms of copula pdf as,

Srr(x,y) = c(Fx(x), Fy(y) 1 0) fu(x :on) fi(y © a2)

(10.45)

where 0 is copula parameter and o and «, are the parameters for marginal
pdf’s. The log likelihood of above expression is given by,
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D log (fuy(x,3) = Y _log (c(Fy(xi : 1), Fy (v : ) : 0))

+ ) log fi(x; s ar) + Y _log fi(y; : aa) (10.46)
i=1 j=1

L=Lc+Lui+Lm

L=Lc+ Ly

where L, L¢, Ly show the total log likelihood of the joint pdf, copula pdf,
and marginals, respectively. For MLE of parameters, following equations
are required to be solved simultaneously:

(0L /0o, OL [8a, OL [06) = 0 (10.47)

Inference From Margins

Another approach to estimate the parameters is inference from marginal
(IFM). In IFM, Eq.10.46 decomposes the maximum log likelihood into
two parts: one from copula dependence (L) and other from the marginals
(Lp). In the first step of IFM, the marginal parameters are estimated
for each of marginal functions individually, i.e., for ith marginal: &; =
argmax,, Ly;(c;). In the second stage, using the estimated (&1, Gz), L is
maximized to get an estimate for 6: 0 = argmax, Lc(6). Hence, in IFM,
following set of equations are solved for getting the estimates of parameters.

(6LM1/6a1,8LM2/8a2,6LC/89) =0 (1048)

As per Joe (1997), the MLE and IFM estimation procedures are equivalent
when all the variables (X, Y, ...) follow univariate normal marginal and
have multivariate joint normal pdf associated with them along with having
a Gaussian copula.

The MLE and IFM can be extended to multivariate copula functions; how-
ever, it is computationally intensive to solve the equations simultaneously.
Canonical maximum likelihood may be another alternative.

Canonical Maximum Likelihood

In the multivariate—-multiparameter case, canonical maximum likelihood
(CML) also known as maximum pseudo-likelihood estimator (MPE) method
is a general estimation technique (Genest et al. 1995; Kojadinovic and Jun
Yan 2011). For example, the parameters of the nested 3-copula families
(Table 10.2) (#, and 6,) may be estimated using the CML method. This
method performs a nonparametric estimation of the margins by using the
respective scaled ranks. The dependence parameters ¢, and 6, are obtained
by simply maximizing the log-likelihood function given by:
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10) = log[eco (u}. uf, ... uf)] (10.49)

i=1
where cy denotes the density of the copula Cy and uf‘ = F, (Xix) for
k = 1,2,...,d is the rank-based nonparametric marginal probability of

k'* variable given by:
F i = ~S i X .
k k 1 ;1 k

where J(e), as defined before, is the indicator function that takes a value 1
if the argument e is true and O if it is false.

Selection of best-fit copula: Aforementioned procedure of parameter esti-
mation is carried out for all tentatively selected copulas. Among different
alternatives, the best-fit copula can be selected using the steps explained in
Sect. 10.9.

Probabilistic prediction of dependent variable: The joint distribution is obtained
using the best-fit copula. If the best-fit copula is C, then the joint distribution is
obtained through Sklar’s theorem (Eq. 10.1) as follows:

Foy(x,y) = C(F(x), F,(y) (10.51)

The probabilistic estimation is carried out by employing the conditional distri-
bution. In general, the conditional distribution is obtained from joint distribution

as follows:
fx/y(X/Y =y) = %
Fap(e[Y =) = w (10.52)
()
Foy(x/Y <y) = %xy)y)

where fx/y(x/Y = y) is the conditional pdf. Fx/y(x/Y =y) and Fy,y (x/Y <
y) conditional CDFs, respectively. These expressions become relatively easier
to execute through copula function. The conditional distribution function of U
(i.e., Fy(x)) given V = v (i.e., F,(y)) can be expressed in terms of copulas as:

0
Cyjy—y = —C(u, 10.53
upv=r = o (u, v) . ( )
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Similarly, the conditional distribution function of V (i.e., Fy(y)) given U = u
(i.e., Fy(x)) can be expressed in terms of copulas as:

0
- = 10.54
Cvjv=u auC(u,v) . (10.54)

The conditional distribution function of U given V < v can be expressed in
terms of copula as:
Cu,v)

v

Cufver = (10.55)

Similarly, the conditional distribution function of V given U < u can be
expressed in terms of copula as:

C(u, )

u

Cvjveu = (10.56)

Depending on the condition, the respective equation for conditional distribu-
tion function can be used. Different probabilistic assessment can be done using
this conditional distribution. For example, the expected value (EV) of the target
variable can be obtained from the 50th quantile value of the distribution. Assess-
ment of range of uncertainty can be obtained from different quantile values. For
instance, 95% confidence interval can be obtained from 2.5th quantile (used as
lower limit (LL)) and 97.5th quantile (used as upper limit (UL)).

Example 10.10.4

Using the joint distribution obtained in Example 10.9.1, find the most expected and
95% confidence interval of the temperature in city B if the temperature (in °C) in
city A for 4 different days are 25, 22, 15.5, and 19, respectively.

Solution Using the marginal for temperature of city A (Example 10.8.3), the tem-
perature of 4 different days can be converted to their reduced variate (say u). Hence,
u is given by,

u = [0.997 0.952 0.229 0.711]

According to the Example 10.10.3, the conditional distribution for temperature of
city B given the temperature of city A is given by (Eq. 10.54),

w3 (y05 405 -3 for (u 05 +v05_-1)>0
FTB/TA(tB/TAztA)= ! ( ) ( )

otherwise

For the most expected temperature of city B, the conditional distribution is solved for
being equal to 0.5 using the values of u. Hence, the most expected values of reduced
variates of temperature of city B (say v) are given by,
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0.99771% (0.997% + v 05 — 1) = 0.5
v = 0.630

Similarly, v, 5 can be obtained for all other values of u.
Vos = [0.630 0.623 0.420 0.584]

Similarly, the 95% confidence interval for v can be obtained, and the conditional
distribution is solved for 97.5% and 2.5% probabilities.

Vogrs = [0.983 0.983 0.966 0.980]
Vpops = [0.085 0.083 0.027 0.067]

These v values can be back-transformed into temperature for city B, as temperature
for city B follows normal distribution with mean 22 °C and standard deviation 4.2°C
(Example 10.8.3).

Tp 005 = [ 1624 1618 13.91 15.71]
Tpos0 =[2339 2333 21.15 22.89]
Ty 0075 = [30.90 30.90 29.67 30.63]

10.11 MATLAB Example

The examples discussed in this chapter can be solved using MATLAB. Some of the
important built-in functions in this regard are following:

e tau=corr (X,Y, 'type’, "kendall’)
This built-in function returns Kendall’s tau (t) between X and Y.

e theta = copulaparam(family, tau)
This built-in function gives the value of theta for selected copula. The parameter
family can either be Clayton, Gumbel, or Frank. The parameter tau is
Kendall’s tau (7).

e paramhat = copulafit(family,u)
This built-in function is used to fit a copula family (either of Gaussian, t,
Clayton, Gumbel or Frank) over the data u. u must be a n x 2 matrix, where
n is number of observations. paramhat is estimate of parameter for selected
copula model.

e v = copulacdf (family,u, theta)
The copulacdf function is used to calculate the CDF for data set u using the
specified copula and theta.
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For instance, the following script (Box 10.1) can be used to solve Example 10.5.1
and associated examples (Examples 10.8.3, 10.9.1, 10.10.3, and 10.10.4).

Box 10.1 Sample MATLAB script for solving Example 10.5.1 and associated examples
p

close all; clear; clc;
T_A=[18.1,22.3,18.7,17.5,24.5];
T_B=[23.3,26.0,25.5,30.0,28.2];

w o =

4
5 | $% Measure of scale-free association and reduced variates
6 tau=corr (T_A',T_B’, 'type’, "kendall"’) ;

7 spearman_rho=corr (T_A',T_B', ' 'type’, ' spearman’) ;

8 u_val=normcdf (T_A,17.5,2.7) ;
9 v_val=normcdf (T_B,22,4.2) ;

11 %% Fitting Clayton and Gumbel Copula

12 clayton_theta=copulaparam(’'clayton’, tau) ;

13 C_clayton=copulacdf (’clayton’,[u_val’ v_val'’],clayton_theta) ’;
14 gumbel_theta=copulaparam(’'gumbel’, tau) ;

15 C_gumbel=copulacdf ('gumbel’, [u_val’ v_val'’], gumbel_theta) ’;

16
17 %% Empirical Copula

18 C_emp=zeros (size (C_gumbel)) ;

19 for i=1:length (u_val)

20 C_emp (i) =sum ((u_val<=u_val(i)).*(v_val<=v_val(i)))/length (
u_val) ;

21 end

23 %% Goodness-of-fit for two copula

24 S_n(l)=sum((C_emp-C_clayton) ."2);

25 S_n(2)=sum((C_emp-C_gumbel) ."2) ;

26 T_n(l)=sqrt (5)*max (abs ((C_emp-C_clayton)));
27 T n(2)=sqrt (5)*max (abs ((C_emp-C_gumbel))) ;
28 [~, S_n_min_index]=min (S_n) ;

29 [~, T_n_min_index]=min (T_n) ;

30 switch S_n_min_index

31 case 1

32 best_copula="Clayton";

33 case 2

34 best_copula="Gumbel -~-Hougaard";
35 | end

36

37 %% Data generation using Clayton copula

38 % u_val_random=rand (10,1) % Generate random data, however we are
% using pre-generated random data

40 u_val_random=[0.93, 0.69, 0.05, 0.18, 0.19, 0.75, 0.85, 0.36,

0.83, 0.59];

41 | syms u v;

42 [~,copula_cdf]=clayton_copula(u,v,clayton_theta) ;

43 cond_prob_v_given_u=diff (copula_cdf , u);

4 | v_val_generated=zeros (size (u_val_random)) ;

45 for i=1:length (u_val_random)

46 v_val_generated (i)=eval (solve (cond_prob_v_given_u(u_val_random
(i) ,v) -0.5));

47 | end

48 T_A_random=norminv (u_val_random ,17.5,2.7) ;

49 T_B_generated=norminv (v_val_generated ,22,4.2) ;
50

51 %% Prediction using Clayton Copula - Problem 1

52 T_A_observed=[25, 22, 15.5, 19];
53 u_val_observed=normcdf (T_A_observed ,17.5,2.7) ;
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54 | v_val_expected=zeros (size (u_val_observed)) ;
55 v_val_1ll=v_val_expected;v_val_ul=v_val_expected;
56 for i=1:length (v_val_expected)

57 v_val_ll(i)=eval (solve(cond_prob_v_given_u(u_val_observed (i) ,v
) -0.025));

58 v_val_expected(i)=eval (solve (cond_prob_v_given_u (
u_val_observed (i) ,v) -0.5));

59 v_val_ul(i)=eval (solve(cond_prob_v_given_u (u_val_observed (i), v
) -0.975));

60 | end

61 T_B_ll=norminv (v_val_11,22,4.2) ;
62 T_B_expected=norminv (v_val_expected , 22,4.2) ;
63 T_B_ul=norminv (v_val_ul ,h 22,4.2);

65 %% Display Results

66 output_file=['output’ filesep () ’'code_1_result.txt’'];
67 delete (output_file); diary (output_£file) ; diary on;
68 fprintf ("tau=%2.2f\t Spearman’s rho=%2.2f\n", tau, spearman_rho);

69 fprintf ("v")
70 disp (v_val)
71 fprintf ("u")
72 disp (u_val)

74 fprintf (' \n\nGOF statistic\n’)

75 disp ('First row correspond to Clayton and other correspond to
Gumbel -Hougaard ')

76 fprintf ("\tS_n\tT_n\n")

77 disp ([S_n’ T_n"'])

78 fprintf ("The selected copula is %s.\n", best_copula);
79

80 fprintf ("\n\nRandom Data Generation\n")

81 fprintf ("Random u\t"); disp (u_val_random) ;

82 fprintf ("Generated v\t");disp (v_val_generated) ;

83 fprintf ("Random T_A\t"); disp (T_A_random) ;

84 fprintf ("Generated T_B\t"); disp (T_B_generated) ;

85

86 fprintf ("\n\nPrediction for temperature of city B\n")
87 fprintf ("u\t"); disp (u_val_observed) ;

88 fprintf ("v_0.025") ;disp (v_val_11);

89 fprintf ("Expected v\t"); disp (v_val_expected) ;

90 fprintf ("v_0.975") ;disp (v_val_ul);

91 fprintf ("T_B_0.025\t");disp (T_B_11) ;

92 fprintf ("Expected T_B\t"); disp (T_B_expected) ;

93 | fprintf ("T_B_0.975\t");disp (T_B_ul) ;

94
95 diary off;

Here, it should be noted that in the script, random values of u are generated and
used, as done in Example 10.10.3. The output of Box 10.1 is shown in Box 10.2.
The results match with the solution obtained in the corresponding examples. Similar
scripts can be used to solve other examples in this chapter.

Box 10.2 Results for Box 10.1

1 tau=0.20 Spearman’s rho=0.00

2 | v 0.6215 0.8295 0.7977 0.9716 0.9301
3

4 [u 0.5879 0.9623 0.6716 0.5000 0.9952

5
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GOF statistic

First row correspond to Clayton and other correspond to Gumbel -
Hougaard

S_n T_n

0.2067 0.6482
0.2270 0.6593

The selected copula is Clayton.

Random Data Generation

Random u 0.9300 0.6900 0.0500 0.1800 0.1900
0.7500 0.8500 0.3600 0.8300 0.5900

Generated v 0.6205 0.5801 0.2139 0.3845 0.3924
0.5916 0.6085 0.4868 0.6053 0.5583

Random T_A 21.4846 18.8388 13.0589 15.0285 15.1297
19.3211 20.2984 16.5322 20.0762 18.1144

Generated T_B 23.2881 22.8494 18.6690 20.7668 20.8535

22.9729 23.1570 21.8614 23.1221 22.6155

Prediction for temperature of city B

u 0.9973 0.9522 0.2294 0.7107

v_0.025 0.0853 0.0826 0.0273 0.0668

Expected v 0.6296 0.6236 0.4202 0.5842

v_0.975 0.9832 0.9829 0.9655 0.9802

T_B_0.025 16.2457 16.1706 13.9274 15.6983

Expected T_B 23.3894 23.3224 21.1543 22.8934

T_B_0.975 30.9284 30.8898 29.6390 30.6426

Exercise

10.1 Check whether the following functions are valid copula functions or not?

(@ Cu,v) = ﬁ
() C(u,v) = /maxu? +v2 —1,0)
(c) C(u,v) = max(e™® 4" _1 0)

(d) C(u,v)
(e C(u,v)
6 Cu,v)

(Ans. Only (d) and (e) are not copula functions.)

Vu?+v?

2

lu+v—1]
uv

1—0.3(1—w)(1—v)
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10.2 Using the first 6 values of total monthly precipitation depth and mean monthly
specific humidity in Table A.1 (p. 429), calculate the Kendall’s tau and Spearman’s
rho.

(Ans. Kendall’s T = 0.20, Spearman’s rho (p;) = 0.43)

10.3 Alocation is frequently hit by cyclone. For the location, in a cyclonic event, the
total rainfall depth and maximum pressure difference between eye and periphery of
cyclone are assumed to be associated. For last six cyclones, the maximum pressure
difference (in millibar) between the eye and periphery and total rainfall received (in
cm) are (30, 70), (35, 77), (27, 75), (32, 81), (37, 87), and (25, 70). Calculate the
Kendall’s tau and Spearman’s rho for the data set.

(Ans. Kendall’s T = 0.69, Spearman’s rho (ps) = 0.84)

10.4 For the data used in Exercise 10.2, total monthly precipitation depth is dis-
tributed exponentially with mean 82mm and the specific humidity is distributed
normally with mean 10.7 and standard deviation of 2. Fit following copulas to the
data:

(a) Independent Copula (c) Clayton Copula
(b) Gaussian Copula (d) Frank Copula

(Hint: Numerical solution may be needed for fitting some of the copula functions.)

Ans. (a) Forindependentcopula, C(u, v) = [0.001 0 0 0 0.001 0.970
(b) For Gaussian copula, p = 0.994, C (u, v) = [0.01 0 0 0 0.02 0.97
(¢) For Clayton copula, § = 0.5, C(u,v) ={0.006 0 0 0 0.009 0.970
(d) For Frank copula, § = 1.86, C(u, v) = [[0.001 0 0 0 0.002 0.970

10.5 For the data given in Exercise 10.3, assume that the pressure difference (in
millibar) between the eye and periphery of cyclone follows normal distribution with
mean 30 and standard deviation 3.2. Similarly, the rainfall is gamma distributed with
« = 35 and 8 = 2.5. Fit following copula functions over the data,

(a) Frank Copula (c) Clayton Copula
(b) Gumbel-Hougaard Copula (d) Ali-Mikhail-Haq Copula

Ans. (a) For Frank copula, 6§ = 10.968,

C(u,v) = [0.1 112 0.2471 0.1301 0.3455 0.5089 0.0375]
(b)  For Gumbel-Hougaard copula, § = 3.226,

C(u,v) = [0.1103 0.2471 0.1253 0.3446 0.5090 0.0422]
(¢)  For Clayton copula, § = 4.45,

C(u,v) = [0.1121 0.2471 0.1588 0.3447 0.5086 0.0583]
(d)  Ali-Mikhail-Haq copula cannot be fitted over the data.

10.6 From historical records, the daily rainfall depths (in mm) in two nearby cities A
and B are found to have Kendall’s tau as 0.45. Fit Gumbel-Hougaard, Ali-Mikhail—
Hagq, and Clayton copulas between the daily rainfall depth of two cities.
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(Ans. For Gumbel-Hougaard § = 1.818. For Clayton copula § = 1.636. Ali—
Mikhail-Haq copula can not be fitted on the data.)

10.7 Select the best copula function for Example 10.4 using Kolmogorov—Smirnov
statistic and Cramér-von Mises statistic. (Ans. Gaussian copula)

10.8 For a location A, monthly mean potential evaporation follows an exponential
distribution with mean 4 mm/day, and mean monthly air temperature follows normal
distribution with mean 25°C and standard deviation 3.7°C. Clayton copula with
0 = 0.7 is found to be the best-fit copula. Generate the mean potential evaporation
and mean monthly temperature values for a year.

(Answers may vary depending on random number generated. Refer to Sect. 10.10.1.)

10.9 Using the Frank copula fitted in Exercise 10.6, predict the daily rainfall depth
(in mm) for city A, if the daily rainfall depths (in mm) for city B recorded in last week
are 0, 2, 5, 20, 8, 0, and 3. Also, calculate 90% confidence interval for predictions.
Assume that daily rainfall in cities A and B follows exponential distribution with
mean 4.5 and 3 mm/day, respectively.

(Ans. Expected rainfall (in mm/day) for city A = [1.7 3.1 435249 1.7 3.6]
and corresponding 90% confidence interval are (0.1, 9.7), (0.2, 13.0), (0.4, 15.2),
(0.5, 16.6), (0.5, 16.1), (0.1, 9.7), and (0.3, 14.0).)

10.10 For the last 5 months due to some technical problem at site A (Exercise 10.8),
evaporation was not recorded. However, if the observed mean monthly air tempera-
ture (in °C) for last 5 months is 24, 28, 30, 32, and 27, then using the copula function
given in Exercise 10.8, calculate the expected value of mean monthly evaporation
for these month along with their interquartile range (25-75% range).

(Ans. Expected evaporation (in mm/day) is 2.7, 3.9, 4.2, 4.32, and 3.7. The interquar-
tile range of evaporation is (1.3, 5.3), (2.0, 6.9), (2.2, 7.2), (2.3, 7.4), and (1.9, 6.6).)

10.11 In the Table A.1 (p. 429), model the association of the total precipitation
depth and mean monthly pressure using Frank copula. Assume that pressure is dis-
tributed normally and total monthly rainfall follows exponential distribution with
mean 95 mm. Furthermore, predict the total monthly rainfall depth and 95% confi-
dence interval if the mean monthly pressure is 960 mb.

(Hint: Numerical solution may be needed for fitting some of the copula function.)
(Ans. For Frank copula § = —5. The expected total monthly rainfall depth for 960
mb pressure is 50 mm and its 95% confidence interval is 6.2 and 182.3 mm.)

10.12 In the Table A.2 (p. 431), the locations Al and A2 are 50km apart, and
their monthly mean sea surface temperature is assumed to associated. Assuming that
SST at both the places are normally distributed, fit a Clayton copula to model the
relationship of SST between these two places. Using the fitted copula, generate the
monthly mean sea surface temperature for one year.

(Hint: Numerical solution may be needed for fitting some of the copula function.)
(Ans. For Clayton copula 6 = 28.21.)
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Appendix A
Data Set

See Tables A.1, A.2, A3, A4 and A.5.

Table A.1 Different hydrocliamtic variables for Upper Mahanadi Basin for 24 consecutive months
(January, 1980-December, 1981)

Precipitation| Surface air Precipitable | Pressure | Airtem- | Specific | Geo- Zonal Meridional
temperature | water perature* | humidity* | potential | wind® wind*
height*
6.33 21.49 17.76 964.42 20.96 5.64 802.36 0.21 0.09
0.86 23.27 15.04 962.91 23.27 4.48 791.30 1.02 —0.84
8.67 28.47 18.56 961.09 27.80 4.93 779.47 1.51 —0.32
7.31 33.78 20.81 957.42 33.06 5.40 750.21 2.38 —0.91
4.62 35.88 24.74 954.30 35.40 6.55 722.29 3.33 —1.20
287.65 27.90 52.12 951.67 27.02 16.91 692.85 2.76 0.47
387.35 24.66 56.61 952.05 23.44 17.51 694.13 4.88 —1.28
229.80 24.58 54.82 953.22 23.31 17.32 704.62 4.27 —0.84
404.99 24.48 44.21 956.97 23.66 15.38 739.06 2.51 —3.03
25.40 24.23 27.93 961.14 23.58 11.80 776.56 —1.01 —1.82
0.00 22.37 20.41 964.18 21.94 7.43 802.34 -2.13 —0.89
6.56 21.16 17.51 963.93 20.55 5.84 797.93 —1.14 —0.63
12.72 19.43 16.16 965.22 18.69 5.41 805.18 0.26 —0.08
0.45 24.45 13.13 963.36 23.93 3.83 794.97 0.60 —0.53
33.26 27.85 20.27 961.46 26.87 5.51 781.94 1.02 0.26
0.76 32.67 16.74 957.17 32.31 4.75 747.79 1.91 —0.71
5.99 35.27 29.69 953.51 34.11 8.23 715.36 1.48 0.63
79.17 33.34 39.07 950.13 31.96 11.05 681.90 3.57 —0.91
236.62 24.77 53.89 952.40 23.55 17.55 696.73 4.56 0.30
420.82 24.51 53.97 952.28 23.34 17.38 696.11 4.14 —0.83
231.00 24.64 47.04 956.70 23.38 16.24 737.47 —-0.19 0.20
13.24 24.32 30.74 961.48 23.63 11.07 779.48 —-0.75 —1.46
1.06 21.74 19.71 963.00 21.37 7.60 790.59 —143 —1.71
2.70 20.17 17.24 966.26 19.47 5.82 817.45 —1.82 —1.27
*measured at 925 mb
*Tmeasured at 200 mb
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Table A.3 Monthly minimum or maximum temperature (January, 2008—December, 2010) for
Bhadra Reservoir and Holehonnur* in Bhadra Basin

Months Bhadra Reservoir Holehonnur station
Max temperature | Min temperature | Max temperature | Min temperature

1 30.79 15.75 32.67 21.43
2 30.68 17.75 32.68 21.99
3 31.41 19.10 28.65 20.81
4 32.42 21.11 28.08 20.94
5 31.96 21.36 26.92 20.22
6 27.82 20.83 27.97 21.03
7 27.06 20.61 30.62 21.30
8 26.14 20.26 30.16 18.05
9 27.83 20.22 29.87 18.41
10 29.72 20.33 30.27 15.40
11 30.12 17.97 32.40 17.52
12 29.79 17.85 33.64 20.78
13 30.24 15.55 34.28 22.44
14 31.99 16.99 33.04 22.17
15 33.21 19.84 29.38 21.21
16 33.75 21.71 26.14 21.02
17 32.54 21.91 27.75 21.41
18 28.93 21.03 28.32 20.72
19 25.88 20.46 29.57 20.63
20 27.49 21.00 30.25 20.78
21 26.99 20.37 30.08 18.70
22 28.47 20.11 30.08 18.65
23 29.58 19.88 31.45 16.88
24 29.98 18.42 35.23 19.67
25 29.89 18.36 35.36 22.14
26 31.25 16.92 33.89 22.73
27 33.62 19.84 30.35 22.58
28 34.07 21.78 27.63 21.97
29 33.13 22.44 27.21 21.84
30 29.89 21.79 27.61 21.02
31 27.68 20.70 29.26 20.75
32 26.52 20.55 28.56 21.01
33 26.24 20.44 29.10 19.56
34 28.99 20.57 28.93 18.74
35 28.23 20.04 30.85 20.63
36 28.67 18.75 30.23 18.41

*Holehonnur is a town 50 km downstream from Bhadra Reservoir
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Table A.5 Daily soil moisture* data at a location since January 1, 2017

Days |0 1 2 3 4 5 6 7 8 9

0 0.0179 | 0.1157 | 0.3552 | 0.3363 | 0.1374 | 0.0798 |0.1701 | 0.2167 | 0.1297 | 0.0959
1 0.1641 | 0.1222 | 0.0444 | 0.1326 | 0.0938 |0.0443 |0.0917 | 0.2501 | 0.1010 | 0.1474
2 0.1818 |0.1298 |0.1422 | 0.1699 | 0.2162 | 0.3209 | 0.2856 | 0.2008 | 0.1225 | 0.3459
3 0.3709 | 0.0882 | 0.1805 | 0.1251 | 0.2169 | 0.2009 | 0.1621 | 0.1234 | 0.2105 | 0.1754
4 0.3314 | 0.3665 | 0.0439 | 0.2603 | 0.1682 | 0.4307 |0.1673 | 0.1552 | 0.1218 | 0.2349
5 0.0490 | 0.2135 | 0.3055 | 0.1900 |0.3236 |0.1797 |0.0774 | 0.1162 | 0.4122 | 0.1960
6 0.3838 |0.2368 |0.1025 | 0.2296 | 0.1169 | 0.1199 | 0.2844 | 0.2500 | 0.2140 | 0.1634
7 0.0171 | 0.4016 | 0.2316 | 0.1554 | 0.1303 | 0.3428 |0.0305 | 0.1393 | 0.3813 | 0.1853
8 0.1822 | 0.2350 | 0.3696 | 0.1001 | 0.2454 | 0.2072 | 0.1740 | 0.3359 | 0.1216 | 0.1097
9 0.2586 | 0.2536 | 0.3718 | 0.2753 | 0.0757 | 0.1131 | 0.2885 | 0.1540 | 0.0468 | 0.1662

*The soil moisture content is expressed as volume by volume fraction



Appendix B
Statistical Tables

See TablesB.1, B.2, B.3, B.4, B.5, B.6, B.7 and B.8.
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Table B.1 Standard normal table

P(Z < z)

0 z

z 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0.0 | 0.5000 0.5040 0.5080 0.5120 0.5160 0.5199 0.5239 0.5279 0.5319  0.5359

0.1 | 0.5398 0.5438 0.5478 0.5517 0.5557 0.5596 0.5636 0.5675 0.5714 0.5753
0.2 | 0.5793 0.5832 0.5871 0.5910 0.5948 0.5987 0.6026 0.6064 0.6103 0.6141
0.3 | 0.6179 0.6217 0.6255 0.6293 0.6331 0.6368 0.6406 0.6443 0.6480 0.6517
0.4 | 0.6554 0.6591 0.6628 0.6664 0.6700 0.6736 0.6772 0.6808 0.6844 0.6879
0.5 | 0.6915 0.6950 0.6985 0.7019 0.7054 0.7088 0.7123 0.7157 0.7190 0.7224

0.6 | 0.7257 0.7291 0.7324 0.7357 0.7389 0.7422 0.7454 0.7486  0.7517  0.7549
0.7 | 0.7580 0.7611 0.7642 0.7673 0.7704 0.7734 0.7764 0.7794 0.7823 0.7852
0.8 | 0.7881 0.7910 0.7939 0.7967 0.7995 0.8023 0.8051 0.8078 0.8106 0.8133
0.9 | 0.8159 0.8186 0.8212 0.8238 0.8264 0.8289 0.8315 0.8340 0.8365 0.8389
1.0 | 0.8413 0.8438 0.8461 0.8485 0.8508 0.8531 0.8554 0.8577 0.8599 0.8621

1.1 | 0.8643 0.8665 0.8686 0.8708 0.8729 0.8749 0.8770 0.8790 0.8810 0.8830
1.2 | 0.8849 0.8869 0.8888 0.8907 0.8925 0.8944 0.8962 0.8980 0.8997  0.9015
1.3 | 0.9032 0.9049 0.9066 0.9082 0.9099 0.9115 0.9131 0.9147 0.9162 0.9177
1.4 | 09192 0.9207 0.9222 0.9236 0.9251 0.9265 0.9279 0.9292 0.9306 0.9319
1.5 | 09332 0.9345 0.9357 0.9370 0.9382 0.9394 0.9406 0.9418 0.9429 0.9441

1.6 | 0.9452 0.9463 0.9474 0.9484 0.9495 0.9505 0.9515 0.9525 0.9535 0.9545
1.7 | 09554 0.9564 0.9573 0.9582 0.9591 0.9599 0.9608 0.9616 0.9625 0.9633
1.8 | 0.9641 0.9649 0.9656 0.9664 0.9671 0.9678 0.9686 0.9693 0.9699 0.9706
1.9 | 09713 0.9719 0.9726 0.9732 0.9738 0.9744 0.9750 0.9756 0.9761 0.9767
2.0 | 09772 09778 0.9783 0.9788 0.9793 0.9798 0.9803 0.9808 0.9812 0.9817

2.1 | 0.9821 0.9826 0.9830 0.9834 0.9838 0.9842 0.9846 0.9850 0.9854 0.9857
2.2 | 0.9861 0.9864 0.9868 0.9871 0.9875 0.9878 0.9881 0.9884 0.9887  0.9890
2.3 | 0.9893 0.9896 0.9898 0.9901 0.9904 0.9906 0.9909 0.9911 0.9913 0.9916
2.4 | 0.9918 0.9920 0.9922 0.9925 0.9927 0.9929 0.9931 0.9932 0.9934 0.9936
2.5 | 0.9938 0.9940 0.9941 0.9943 0.9945 0.9946 0.9948 0.9949 0.9951 0.9952

2.6 | 0.9953 0.9955 0.9956 0.9957 0.9959 0.9960 0.9961 0.9962 0.9963 0.9964
2.7 1 0.9965 0.9966 0.9967 0.9968 0.9969 0.9970 0.9971 0.9972 0.9973 0.9974
2.8 | 0.9974 0.9975 0.9976 0.9977 0.9977 0.9978 0.9979 0.9979  0.9980  0.9981
2.9 | 0.9981 0.9982 0.9982 0.9983 0.9984 0.9984 0.9985 0.9985 0.9986 0.9986
3 0.9987  0.9987 0.9987 0.9988 0.9988 0.9989 0.9989 0.9989  0.9990  0.9990
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Table B.2 Student’s ¢-distribution percentage points

433

a=P(X >t,(v)
ta(v)
«
v 0.25 0.10 0.05 0.025 0.01 0.00833 0.00625 0.005 0.0025
1 1.250 3.178 6.364 12.731 31.831 38.212 50.929 63.662 127.324
2 1.066 1.986 2.970 4.328 6.975 7.659 8.866 9.930 14.092
3 1.015 1.738 2.403 3.207 4.551 4.866 5.398 5.846 7.456
4 0.991 1.633 2.182 2.801 3.757 3.970 4.321 4.609 5.600
5 0.977 1.576 2.065 2.596 3.375 3.543 3.816 4.037 4.776
6 0.968 1.540 1.993 2.472 3.153 3.296 3.527 3.712 4.319
7 0.961 1.515 1.945 2.390 3.008 3.136 3.342 3.504 4.032
8 0.956 1.497 1.910 2.331 2.906 3.024 3.212 3.360 3.835
9 0.953 1.483 1.883 2.287 2.831 2.942 3.117 3.255 3.692
10 0.950 1.472 1.862 2.253 2.774 2.879 3.044 3.174 3.584
11 0.947 1.463 1.846 2.226 2.728 2.829 2.987 3.111 3.499
12 0.945 1.456 1.832 2.204 2.691 2.788 2.941 3.060 3.431
13 0.944 1450 1.821 2.185 2.660 2.754 2.902 3.017 3.375
14 0.942 1445 1.811 2.170 2.634 2.726 2.870 2.982 3.328
15 0.941 1.441 1.803 2.156 2.612 2.702 2.843 2.952 3.289
16 0.940 1.437 1.796 2.145 2.593 2.682 2.819 2.926 3.254
17 0.939 1433 1.790 2.135 2.577 2.664 2.799 2.903 3.225
18 0.938 1.430 1.784 2.126 2.562 2.648 2.781 2.883 3.199
19 0.938 1.428 1.779 2.118 2.549 2.634 2.765 2.866 3.176
20 0.937 1425 1.775 2.111 2.538 2.621 2.751 2.850 3.156
21 0.936 1423 1.771 2.105 2.528 2.610 2.738 2.836 3.138
22 0.936 1421 1.767 2.099 2.518 2.600 2.726 2.824 3.121
23 0.935 1.419 1.764 2.094 2.510 2.591 2.716 2.812 3.106
24 0.935 1418 1.761 2.089 2.502 2.582 2.706 2.802 3.093
25 0.934 1.416 1.758 2.085 2.495 2.574 2.698 2.792 3.081
26 0.934 1.415 1.756 2.081 2.489 2.567 2.690 2.784 3.069
27 0.934 1414 1.753 2.077 2.483 2.561 2.683 2.776 3.059
28 0.933 1413 1.751 2.073 2.477 2.555 2.676 2.768 3.049
29 0.933 1411 1.749 2.070 2.472 2.549 2.669 2.761 3.041
30 0.933 1410 1.747 2.067 2.467 2.544 2.664 2.755 3.032
40 0.931 1.403 1.734 2.046 2.433 2.507 2.622 2.709 2.974
50 0.929 1.399 1.726 2.034 2.413 2.486 2.598 2.683 2.939
60 0.929 1.396 1.721 2.025 2.400 2.471 2.581 2.665 2.917
120 0.927 1.389 1.708 2.005 2.368 2.436 2.542 2.622 2.862
1000 | 0.925 1.382 1.696 1.987 2.340 2.406 2.508 2.586 2.816
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Table B.3 x?2 distribution percentage points

a=PX >x;(1v)

W)

[e%
v | 0.999 0.990 0.950 0.900 0.500 0.100 0.050 0.010 0.005 0.001
1 0.000  0.000  0.004 0.016  0.455  2.706  3.841 6.635 7.879  10.828
2 0.002 0.020  0.103  0.211 1.386  4.605 5.991 9.210 10.597 13.816
3 0.024  0.115 0.352  0.584 2.366  6.251 7.815 11.345 12.838 16.266
4
5

0.091 0297  0.711 1.064 3357  7.779  9.488 13.277 14.860 18.467
0.210  0.554 1.145 1.610  4.351 9.236  11.070 15.086 16.750 20.515

6 0.381 0.872 1.635 2.204 5.348 10.645 12.592 16.812 18.548  22.458
7 0.598 1.239 2.167 2.833 6.346  12.017 14.067 18.475 20.278 24.322
8 0.857 1.646 2.733 3.490 7.344 13.362  15.507  20.090 21.955 26.125
9 1.152 2.088 3.325 4.168 8.343 14.684 16.919 21.666 23.589 27.877
0 1.479 2.558 3.940 4.865 9.342  15.987 18.307 23.209 25.188  29.588

11 1.834 3.053 4.575 5.578 10.341 17.275 19.675 24.725 26.757 31.264
12 2.214 3.571 5.226 6.304 11.340 18.549 21.026 26.217 28.300 32.910
13 2.617 4.107 5.892 7.042 12.340 19.812 22.362 27.688 29.819 34.528
14 3.041 4.660 6.571 7.790 13.339 21.064 23.685 29.141 31.319 36.123
15 3.483 5.229 7.261 8.547 14.339 22.307 24996 30.578 32.801 37.697

16 3.942 5.812 7.962 9.312  15.338 23.542  26.296 32.000 34.267 39.252
17 4.416 6.408 8.672 10.085 16.338 24.769 27.587 33.409 35.718 40.790
18 4.905 7.015 9.390 10.865 17.338 25.989 28.869 34.805 37.156 42.312
19 5.407 7.633 10.117 11.651 18.338 27.204 30.144 36.191 38.582 43.820
20 5.921 8.260 10.851 12.443 19.337 28.412 31.410 37.566 39.997 45.315

21 6.447 8.897 11.591 13.240 20.337 29.615 32.671 38.932 41.401 46.797
22 6.983 9.542 12.338 14.041 21.337 30.813 33.924 40.289 42.796 48.268
23 7.529 10.196 13.091 14.848 22.337 32.007 35.172 41.638 44.181 49.728
24 8.085 10.856 13.848 15.659 23.337 33.196 36.415 42.980 45.559 51.179
25 8.649 11.524 14.611 16.473 24.337 34.382 37.652 44.314 46.928 52.620

26 9.222 12,198 15379 17.292 25.336 35.563 38.885 45.642 48.290 54.052
27 9.803 12.879 16.151 18.114 26.336 36.741 40.113 46.963 49.645 55.476
28 | 10.391 13.565 16.928 18.939 27.336 37.916 41.337 48.278 50.993  56.892
29 | 10.986 14.256 17.708 19.768 28.336 39.087 42.557 49.588 52.336 58.301
30 | 11.588 14.953 18.493 20.599 29.336 40.256 43.773 50.892 53.672 59.703

35 | 14.688 18.509 22.465 24.797 34.336 46.059 49.802 57.342 60.275 66.619
40 | 17916 22.164 26.509 29.051 39.335 51.805 55.758 63.691 66.766 73.402
45 | 21.251 25.901 30.612 33.350 44.335 57.505 61.656 69.957 73.166 80.077
50 | 24.674 29.707 34.764 37.689 49.335 63.167 67.505 76.154 79.490 86.661
55 | 28.173 33.570 38.958 42.060 54.335 68.796 73.311 82.292 85.749 93.168

60 | 31.738 37.485 43.188 46.459 59.335 74.397 79.082 88.379 91.952 99.607
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Table B.4 F distribution percentage points o = 0.1
a=PX > F,(v1,1n) =01
Fu(vi.1)
v1/V2 1 2 3 4 5 6 7 8 9 10 12 15 20 30 50 60
1 39.86 49.50 53.59 55.83 57.24 58.20 58.91 59.44 59.86 60.19 60.71 61.22 61.74 62.26 62.69 62.79
2 8.53 9.00 9.16 9.24 9.29 9.33 9.35 9.37 9.38 9.39 9.41 9.42 9.44 946 9.47 9.47
3 5.54 5.46 5.39 534 531 528 527 525 524 523 522 520 5.18 517 515 5.15
4 454 4.32 419 4.11 4.05 4.01 3.98 3.95 3.94 3.92 3.90 3.87 3.84 3.82 3.80 3.79
5 4.06 3.78 3.62 3.52 3.45 3.40 3.37 3.34 3.32 3.30 3.27 3.24 3.21 3.17 3.15 3.14
6 3.78 3.46 329 3.18 3.11 3.05 3.01 2.98 2.96 2.94 2.90 2.87 2.84 2.80 2.77 2.76
7 3.59 3.26 3.07 2.96 2.88 2.83 278 2.75 2.72 2.70 2.67 2.63 259 2.56 2.52 2.51
8 346 3.11 292 281 2.73 267 2.62 259 256 2.54 250 2.46 242 2.38 2.35 2.34
9 3.36 3.01 281 2.69 2.61 255 251 247 244 242 238 234 230 2.25 222 221
10 3.29 292 273 2.61 252 246 241 238 235 232 228 224 220 2.16 2.12 2.11
11 3.23 2.86 2.66 2.54 245 239 234 230 227 2.25 221 217 2.12 2.08 2.04 2.03
12 3.18 2.81 2.61 248 239 233 228 224 221 219 215 2.10 2.06 2.01 1.97 1.96
13 3.14 276 2.56 243 2.35 2.28 223 220 216 2.14 2.10 2.05 2.01 1.96 1.92 1.90
14 3.10 273 252 239 231 224 219 215 212 210 2.05 2.01 196 1.91 1.87 1.86
15 3.07 270 249 236 2.27 221 2.16 212 2.09 2.06 2.02 197 1.92 1.87 1.83 1.82
16 3.05 2.67 246 2.33 2.24 218 2.13 2.09 2.06 2.03 1.99 194 189 1.84 1.79 1.78
17 3.03 2.64 244 231 222 215 210 2.06 2.03 2.00 1.96 191 1.86 1.81 1.76 1.75
18 3.01 2.62 242 229 2.20 2.13 2.08 2.04 2.00 1.98 1.93 1.89 1.84 1.78 1.74 1.72
19 2.99 2.61 240 2.27 2.18 2.11 2.06 2.02 1.98 1.96 1.91 1.86 1.81 176 1.71 1.70
20 297 2.59 2.38 2.25 2.16 2.09 2.04 2.00 1.96 1.94 1.89 1.84 1.79 1.74 1.69 1.68
21 2.96 2.57 2.36 2.23 2.14 2.08 202 1.98 1.95 1.92 1.87 1.83 178 1.72 1.67 1.66
22 295 2.56 2.35 2.22 2.13 2.06 2.01 1.97 1.93 1.90 1.86 1.81 1.76 1.70 1.65 1.64
23 294 255 234 221 211 205 199 1.95 1.92 1.89 1.84 1.80 1.74 1.69 1.64 1.62
24 2.93 254 2.33 219 210 2.04 198 1.94 1.91 1.88 1.83 178 1.73 1.67 1.62 1.61
25 292 253 2.32 218 2.09 2.02 197 1.93 1.89 1.87 1.82 177 172 1.66 1.61 1.59
26 291 252 231 217 2.08 2.01 196 1.92 1.88 1.86 1.81 1.76 1.71 1.65 1.59 1.58
27 2.90 251 230 2.17 2.07 2.00 195 1.91 1.87 1.85 1.80 1.75 1.70 1.64 1.58 1.57
28 2.89 250 229 216 2.06 2.00 1.94 1.90 1.87 1.84 1.79 1.74 1.69 1.63 1.57 1.56
29 2.89 2.50 228 2.15 2.06 1.99 1.93 1.89 1.86 1.83 1.78 1.73 1.68 1.62 1.56 1.55
30 2.88 249 228 214 2.05 1.98 193 1.88 1.85 1.82 1.77 1.72 1.67 1.61 1.55 1.54
40 2.84 244 223 209 2.00 1.93 1.87 1.83 1.79 1.76 1.71 1.66 1.61 1.54 1.48 1.47
50 2.81 241 220 2.06 1.97 1.90 1.84 1.80 1.76 1.73 1.68 1.63 1.57 1.50 1.44 1.42
60 279 2.39 218 2.04 1.95 1.87 1.82 177 1.74 1.71 1.66 1.60 1.54 1.48 1.41 1.40
120 2.75 2.35 213 1.99 1.90 1.82 177 1.72 1.68 1.65 1.60 1.55 148 1.41 1.34 1.32
1000 2.71 231 2.09 1.95 1.85 1.78 1.72 1.68 1.64 1.61 1.55 1.49 143 1.35 1.27 1.25
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Table B.5 F distribution percentage points o = 0.05

a=P(X > F,(v1,1)) = 0.05

T

Fo(v1,12)
I/]_/llz 1 2 3 4 5 6 7 8 9 10 12 15 20 30 50 60
1 161 199 216 224 230 234 237 239 241 242 244 246 248 250 252 252
2 18.5 19.0 19.2 19.2 19.3 19.3 19.3 19.4 19.4 19.4 19.4 19.4 19.4 19.5 19.5 19.5
3 10.1 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.74 8.70 8.66 8.62 8.58 8.57
4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.91 5.86 5.80 5.75 5.70 5.69
5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.68 4.62 4.56 4.50 4.44 4.43
6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.00 3.94 3.87 3.81 3.75 3.74
7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 3.57 3.51 3.44 3.38 3.32 3.30
8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.39 3.35 3.28 3.22 3.15 3.08 3.02 3.01
9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3.07 3.01 2.94 2.86 2.80 2.79
10 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.91 2.85 2.77 2.70 2.64 2.62
11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 2.79 2.72 2.65 2.57 2.51 2.49
12 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80 2.75 2.69 2.62 2.54 2.47 2.40 2.38
13 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.60 2.53 2.46 2.38 2.31 2.30
14 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65 2.60 2.53 2.46 2.39 2.31 2.24 2.22
15 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59 2.54 2.48 2.40 2.33 2.25 2.18 2.16
16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.42 2.35 2.28 2.19 2.12 2.11
17 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 2.45 2.38 2.31 2.23 2.15 2.08 2.06
18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.34 2.27 2.19 2.11 2.04 2.02
19 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.31 2.23 2.16 2.07 2.00 1.98
20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39 2.35 2.28 2.20 2.12 2.04 1.97 1.95
21 4.32 3.47 3.07 2.84 2.68 2.57 2.49 2.42 2.37 2.32 2.25 2.18 2.10 2.01 1.94 1.92
22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.23 2.15 2.07 1.98 1.91 1.89
23 4.28 3.42 3.03 2.80 2.64 2.53 2.44 2.37 2.32 2.27 2.20 2.13 2.05 1.96 1.88 1.86
24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 2.25 2.18 2.11 2.03 1.94 1.86 1.84
25 4.24 3.39 2.99 2.76 2.60 2.49 2.40 2.34 2.28 2.24 2.16 2.09 2.01 1.92 1.84 1.82
26 4.23 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.15 2.07 1.99 1.90 1.82 1.80
27 4.21 3.35 2.96 2.73 2.57 2.46 2.37 2.31 2.25 2.20 2.13 2.06 1.97 1.88 1.81 1.79
28 4.20 3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.12 2.04 1.96 1.87 1.79 1.77
29 4.18 3.33 2.93 2.70 2.55 2.43 2.35 2.28 2.22 2.18 2.10 2.03 1.94 1.85 1.77 1.75
30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.09 2.01 1.93 1.84 1.76 1.74
40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.00 1.92 1.84 1.74 1.66 1.64
50 4.03 3.18 2.79 2.56 2.40 2.29 2.20 2.13 2.07 2.03 1.95 1.87 1.78 1.69 1.60 1.58
60 4.00 3.15 2.76 2.53 2.37 2.25 2.17 2.10 2.04 1.99 1.92 1.84 1.75 1.65 1.56 1.53
120 3.92 3.07 2.68 2.45 2.29 2.18 2.09 2.02 1.96 1.91 1.83 1.75 1.66 1.55 1.46 1.43
1000 3.85 3.00 2.61 2.38 2.22 2.11 2.02 1.95 1.89 1.84 1.76 1.68 1.58 1.47 1.36 1.33
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Table B.6 F distribution percentage points o = 0.025

437

a=P(X > F,(r,1n)) =0.025

T

Fo(vr, 1)
111/112 1 2 3 4 5 6 7 8 9 10 12 15 20 30 50 60
1 648 799 864 900 922 937 948 957 963 969 977 985 993 1001 1008 1010
2 38.5 39.0 39.2 39.2 39.3 39.3 39.4 39.4 39.4 39.4 39.4 39.4 39.4 39.5 39.5 39.5
3 17.4 16.0 15.4 15.1 14.9 14.7 14.6 14.5 14.5 14.4 14.3 14.2 14.2 14.1 14.0 14.0
4 12.2 10.6 9.98 9.60 9.36 9.20 9.07 8.98 8.90 8.84 8.75 8.66 8.56 8.46 8.38 8.36
5 10.0 8.43 7.76 7.39 7.15 6.98 6.85 6.76 6.68 6.62 6.52 6.43 6.33 6.23 6.14 6.12
6 8.81 7.26 6.60 6.23 5.99 5.82 5.70 5.60 5.52 5.46 5.37 5.27 5.17 5.07 4.98 4.96
7 8.07 6.54 5.89 5.52 5.29 5.12 4.99 4.90 4.82 4.76 4.67 4.57 4.47 4.36 4.28 4.25
8 7.57 6.06 5.42 5.05 4.82 4.65 4.53 4.43 4.36 4.30 4.20 4.10 4.00 3.89 3.81 3.78
9 7.21 5.71 5.08 4.72 4.48 4.32 4.20 4.10 4.03 3.96 3.87 3.77 3.67 3.56 3.47 3.45
10 6.94 5.46 4.83 4.47 4.24 4.07 3.95 3.85 3.78 3.72 3.62 3.52 3.42 3.31 3.22 3.20
11 6.72 5.26 4.63 4.28 4.04 3.88 3.76 3.66 3.59 3.53 3.43 3.33 3.23 3.12 3.03 3.00
12 6.55 5.10 4.47 4.12 3.89 3.73 3.61 3.51 3.44 3.37 3.28 3.18 3.07 2.96 2.87 2.85
13 6.41 4.97 4.35 4.00 3.77 3.60 3.48 3.39 3.31 3.25 3.15 3.05 2.95 2.84 2.74 2.72
14 6.30 4.86 4.24 3.89 3.66 3.50 3.38 3.29 3.21 3.15 3.05 2.95 2.84 2.73 2.64 2.61
15 6.20 4.77 4.15 3.80 3.58 3.41 3.29 3.20 3.12 3.06 2.96 2.86 2.76 2.64 2.55 2.52
16 6.12 4.69 4.08 3.73 3.50 3.34 3.22 3.12 3.05 2.99 2.89 2.79 2.68 2.57 2.47 2.45
17 6.04 4.62 4.01 3.66 3.44 3.28 3.16 3.06 2.98 2.92 2.82 2.72 2.62 2.50 2.41 2.38
18 5.98 4.56 3.95 3.61 3.38 3.22 3.10 3.01 2.93 2.87 2.77 2.67 2.56 2.44 2.35 2.32
19 5.92 4.51 3.90 3.56 3.33 3.17 3.05 2.96 2.88 2.82 2.72 2.62 2.51 2.39 2.30 2.27
20 5.87 4.46 3.86 3.51 3.29 3.13 3.01 2.91 2.84 2.77 2.68 2.57 2.46 2.35 2.25 2.22
21 5.83 4.42 3.82 3.48 3.25 3.09 2.97 2.87 2.80 2.73 2.64 2.53 2.42 2.31 2.21 2.18
22 5.79 4.38 3.78 3.44 3.22 3.05 2.93 2.84 2.76 2.70 2.60 2.50 2.39 2.27 2.17 2.14
23 5.75 4.35 3.75 3.41 3.18 3.02 2.90 2.81 2.73 2.67 2.57 2.47 2.36 2.24 2.14 2.11
24 5.72 4.32 3.72 3.38 3.15 2.99 2.87 2.78 2.70 2.64 2.54 2.44 2.33 2.21 2.11 2.08
25 5.69 4.29 3.69 3.35 3.13 2.97 2.85 2.75 2.68 2.61 2.51 2.41 2.30 2.18 2.08 2.05
26 5.66 4.27 3.67 3.33 3.10 2.94 2.82 2.73 2.65 2.59 2.49 2.39 2.28 2.16 2.05 2.03
27 5.63 4.24 3.65 3.31 3.08 2.92 2.80 2.71 2.63 2.57 2.47 2.36 2.25 2.13 2.03 2.00
28 5.61 4.22 3.63 3.29 3.06 2.90 2.78 2.69 2.61 2.55 2.45 2.34 2.23 2.11 2.01 1.98
29 5.59 4.20 3.61 3.27 3.04 2.88 2.76 2.67 2.59 2.53 2.43 2.32 2.21 2.09 1.99 1.96
30 5.57 4.18 3.59 3.25 3.03 2.87 2.75 2.65 2.57 2.51 2.41 2.31 2.20 2.07 1.97 1.94
40 5.42 4.05 3.46 3.13 2.90 2.74 2.62 2.53 2.45 2.39 2.29 2.18 2.07 1.94 1.83 1.80
50 5.34 3.97 3.39 3.05 2.83 2.67 2.55 2.46 2.38 2.32 2.22 2.11 1.99 1.87 1.75 1.72
60 5.29 3.93 3.34 3.01 2.79 2.63 2.51 2.41 2.33 2.27 2.17 2.06 1.94 1.82 1.70 1.67
120 5.15 3.80 3.23 2.89 2.67 2.52 2.39 2.30 2.22 2.16 2.05 1.94 1.82 1.69 1.56 1.53
1000 5.04 3.70 3.13 2.80 2.58 2.42 2.30 2.20 2.13 2.06 1.96 1.85 1.72 1.58 1.45 1.41
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Table B.7 F distribution percentage points o = 0.001

o= P(X > F,(v1,1n)) = 0.001

T

Fo(v1,12)
121 /ll2 1 2 3 4 5 6 7 8 9 10 12 15 20 30 50 60
1 4052 4999 5403 5624 5763 5859 5928 5981 6022 6056 6106 6157 6209 6261 6302 6313
2 98.5 99.0 99.2 99.2 99.3 99.3 99.4 99.4 99.4 99.4 99.4 99.4 99.4 99.5 99.5 99.5
3 34.1 30.8 29.5 28.7 28.2 27.9 27.7 27.5 27.4 27.2 27.0 26.9 26.7 26.5 26.3 26.3
4 21.2 18.0 16.7 16.0 15.5 15.2 15.0 14.8 14.7 14.5 14.4 14.2 14.0 13.8 13.7 13.6
5 16.3 13.3 12.1 11.4 11.0 10.7 10.5 10.3 10.2 10.0 9.89 9.72 9.55 9.38 9.24 9.20
6 13.8 10.9 9.78 9.15 8.75 8.47 8.26 8.10 7.98 7.87 7.72 7.56 7.40 7.23 7.09 7.06
7 12.2 9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72 6.62 6.47 6.31 6.16 5.99 5.86 5.82
8 11.3 8.65 7.59 7.01 6.63 6.37 6.18 6.03 5.91 5.81 5.67 5.52 5.36 5.20 5.07 5.03
9 10.6 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35 5.26 5.11 4.96 4.81 4.65 4.52 4.48
10 10.0 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 4.85 4.71 4.56 4.41 4.25 4.12 4.08
11 9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63 4.54 4.40 4.25 4.10 3.94 3.81 3.78
12 9.33 6.93 5.95 5.41 5.06 4.82 4.64 4.50 4.39 4.30 4.16 4.01 3.86 3.70 3.57 3.54
13 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19 4.10 3.96 3.82 3.66 3.51 3.38 3.34
14 8.86 6.51 5.56 5.04 4.69 4.46 4.28 4.14 4.03 3.94 3.80 3.66 3.51 3.35 3.22 3.18
15 8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.00 3.89 3.80 3.67 3.52 3.37 3.21 3.08 3.05
16 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.89 3.78 3.69 3.55 3.41 3.26 3.10 2.97 2.93
17 8.40 6.11 5.18 4.67 4.34 4.10 3.93 3.79 3.68 3.59 3.46 3.31 3.16 3.00 2.87 2.83
18 8.29 6.01 5.09 4.58 4.25 4.01 3.84 3.71 3.60 3.51 3.37 3.23 3.08 2.92 2.78 2.75
19 8.18 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52 3.43 3.30 3.15 3.00 2.84 2.71 2.67
20 8.10 5.85 4.94 4.43 4.10 3.87 3.70 3.56 3.46 3.37 3.23 3.09 2.94 2.78 2.64 2.61
21 8.02 5.78 4.87 4.37 4.04 3.81 3.64 3.51 3.40 3.31 3.17 3.03 2.88 2.72 2.58 2.55
22 7.95 5.72 4.82 4.31 3.99 3.76 3.59 3.45 3.35 3.26 3.12 2.98 2.83 2.67 2.53 2.50
23 7.88 5.66 4.76 4.26 3.94 3.71 3.54 3.41 3.30 3.21 3.07 2.93 2.78 2.62 2.48 2.45
24 7.82 5.61 4.72 4.22 3.90 3.67 3.50 3.36 3.26 3.17 3.03 2.89 2.74 2.58 2.44 2.40
25 7.77 5.57 4.68 4.18 3.85 3.63 3.46 3.32 3.22 3.13 2.99 2.85 2.70 2.54 2.40 2.36
26 7.72 5.53 4.64 4.14 3.82 3.59 3.42 3.29 3.18 3.09 2.96 2.81 2.66 2.50 2.36 2.33
27 7.68 5.49 4.60 4.11 3.78 3.56 3.39 3.26 3.15 3.06 2.93 2.78 2.63 2.47 2.33 2.29
28 7.64 5.45 4.57 4.07 3.75 3.53 3.36 3.23 3.12 3.03 2.90 2.75 2.60 2.44 2.30 2.26
29 7.60 5.42 4.54 4.04 3.73 3.50 3.33 3.20 3.09 3.00 2.87 2.73 2.57 2.41 2.27 2.23
30 7.56 5.39 4.51 4.02 3.70 3.47 3.30 3.17 3.07 2.98 2.84 2.70 2.55 2.39 2.25 2.21
40 7.31 5.18 4.31 3.83 3.51 3.29 3.12 2.99 2.89 2.80 2.66 2.52 2.37 2.20 2.06 2.02
50 7.17 5.06 4.20 3.72 3.41 3.19 3.02 2.89 2.78 2.70 2.56 2.42 2.27 2.10 1.95 1.91
60 7.08 4.98 4.13 3.65 3.34 3.12 2.95 2.82 2.72 2.63 2.50 2.35 2.20 2.03 1.88 1.84
120 6.85 4.79 3.95 3.48 3.17 2.96 2.79 2.66 2.56 2.47 2.34 2.19 2.03 1.86 1.70 1.66
1000 6.66 4.63 3.80 3.34 3.04 2.82 2.66 2.53 2.43 2.34 2.20 2.06 1.90 1.72 1.54 1.50
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Table B.8 Kolmogorov—Smirnov two-sided test

n o
0.10 0.05 0.01

1 0.9500 0.9750 0.9950
2 0.7764 0.8419 0.9293
3 0.6360 0.7076 0.8290
4 0.5652 0.6239 0.7342
5 0.5094 0.5633 0.6685
6 0.4680 0.5193 0.6166
7 0.4361 0.4834 0.5758
8 0.4096 0.4543 0.5418
9 0.3875 0.4300 0.5133
10 0.3687 0.4092 0.4889
11 0.3524 0.3912 0.4677
12 0.3382 0.3754 0.4490
13 0.3255 0.3614 0.4325
14 0.3142 0.3489 0.4176
15 0.3040 0.3376 0.4042
16 0.2947 0.3273 0.3920
17 0.2863 0.3180 0.3809
18 0.2785 0.3094 0.3706
19 0.2714 0.3014 0.3612
20 0.2647 0.2941 0.3524
21 0.2586 0.2872 0.3443
2 0.2528 0.2809 0.3367
23 0.2475 0.2749 0.3295
24 0.2424 0.2693 0.3229
25 0.2377 0.2640 0.3166
26 0.2332 0.2591 0.3106
27 0.2290 0.2544 0.3050
28 0.2250 0.2499 0.2997
29 0.2212 0.2457 0.2947
30 0.2176 0.2417 0.2899
31 0.2141 0.2379 0.2853
32 0.2108 0.2342 0.2809
33 0.2077 0.2308 0.2768
34 0.2047 0.2274 0.2728
35 0.2018 0.2242 0.2690
36 0.1991 0.2212 0.2653
37 0.1965 0.2183 0.2618
38 0.1939 0.2154 0.2584
39 0.1915 0.2127 0.2552
40 0.1891 0.2101 0.2521
>40 1.22//n 1.36//n 1.63//n
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A
Akaike Information Criterion (AIC), 356
Alternative hypothesis, 200
Analysis of periodicity
harmonic analysis, 315
spectral analysis, 316
Analysis of Variance (ANOVA), 280
one-way, 280
two-way, 286
Anderson—Darling goodness-of-fit test, 223
Archimedean copula, 397, 398
generator function, 397, 398
multivariate, 397, 398
Arithmetic mean, 54
Autocorrelation function, 321
confidence interval, 322
Autocorrelogram, 322
Autocovariance function, 321
Autoregressive Integrated Moving Average
model, ARIMA (p, d, g), 346
Autoregressive model, AR (p), 331
Autoregressive Moving Average model with
Exogenous Inputs (ARMAX), 348
Autoregressive Moving Average model, AR-
MA (p, q), 342
diagnostic check, 357
forecast, 350
confidence interval, 352
error analysis, 352
order selection, 343
parameter estimation, 344
properties, 343
Axioms of probability, 11
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B

Backshift, backward shift operator, 326
Bayes’ rule, 19

Bayesian Information Criterion, BIC, 356
Bell-shaped curve, 114

Bernoulli process, 94

Beta distribution, 128

Binomial distribution, 94

Boneferroni method, 290

Box-Cox transformation, 318

C
Canonical Correlation Analysis, 270
Central limit theorem, 114
Characteristic function, 71
Chebyshev inequality, 87
Chi-square distribution, 132
Coefficient of determination, RZ, 246, 247
Coefficient of Kurtosis, 59
Coefficient of skewness, 58
Collectively exhaustive events, 9
Concept of moments, 61
Concordant pairs, 390
Conditional Distribution

from copula, 416
Conditional probability distribution, 38
Conditional probability theorem, 15
Confidence interval, 196
Continuous probability distribution, 108
Continuous random variable, 23
Copula, 382

data generation, 408

goodness of fit, 405

graphical representation, 382
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probabilistic prediction, 412
properties, 386
Copula Fitting, 414
Canonical Maximum Likelihood, 415
Inference from Margins, 415
Inversion of scale-free measure of asso-
ciation, 414
Maximum Likelihood Estimate, 414
Correlation
and causality, 248, 249
coefficient of, 248, 249
Correlation coefficient, 79
Covariance, 77
Cramér-von Mises statistic (S},), 405
Cumulative distribution function, 24, 27
Cumulative periodogram, 316
Curvilinear regression, 236

D
Daughter wavelet, 363
Descriptive statistics, 53
Discordant Pairs, 390
Discrete probability distribution, 93
Discrete random variable, 23
Discrete wavelet
dyadic discrete wavelet, 364
transform, 364

E
Elliptical copula, 395
Empirical copula, 405
Empirical Orthogonal Function, 272
Ensemble, 308
ergodic, 308
Estimator, 82
consistency of, 82
efficiency of, 83
sufficiency of, 83
unbiasedness of, 82
Event, 8
Expectation, 63
Exponential distribution, 111
Extreme value distribution, 123

F

Factor of safety, 173

Father wavelet, 365

F distribution, 135

Flood frequency plot, 150
Forward shift operator, 327
Frechet—Hoeffding bounds, 389

Index

Frequency analysis, 158, 171
zero inflated data, 170

G

Gamma distribution, 120
Gamma function, 120
Gaussian copula, 395
Geometric distribution, 105
Geometric mean, 55
Goodness-of-fit, 214
Grounded function, 386
Gumbel distribution, 124
Gumbel probability paper, 166

H
Haar wavelet, 366
H test, 220
H — volume, 384
Hypergeometric distribution, 101
Hypothesis testing, 200

single sample test, 203

two sample test, 207

I

2-Increasing function, 385
Independent copula, 382
Interval estimation, 195

K

Kendall rank correlation coefficient or K-
endall’s Tau (t), 310, 390

Kendall’s transform, «, 405

Kernel density estimator, 412

Kernel Function, 412

Kolmogorov—Smirnov (KS) statistic (7},),
405

Kolmogorov—Smirnov (KS) test, 222

Kurtosis, 59

L
Law of large number, 87
Least square estimates, 230
Leptokurtic, 59
Linear regression

assumptions, 230

least square estimate, 231
Lognormal distribution, 117
Log-Pearson type I1I distribution, 161



Index

M
Marginal distribution, 32
Maximum likelihood method, 85
Measure of central tendency, 53
Measure of dispersion, 56
Measure of symmetry, 58
Measure of tailedness, 59
Median, 55
Mesokurtic, 59
Method of least square, 230
Method of moments, 84
Mixed distribution, 131
Mode, 56
Moment-generating function, 69
Mother wavelet, 362
scaling parameter, 363
shifting parameter, 363
Moving Average, 327
Moving Average model, MA(g), 337
Multinomial distribution, 99
Multiple comparison, 290
Multiple linear regression, 241
Multiresolution analysis, 367
Multiresolution Wavelet Transform, see
Multiresolution Analysis
Mutually exclusive events, 9

N

Negative binomial distribution, 97
Nonparametric tests, 217

Normal distribution, 113

Null hypothesis, 200

Nyquist—Shannon sampling theorem, 364

P

Parameter estimation, 84

Partial Autocorrelation Function, 322
confidence interval, 324

Pearson type III distribution, 130

Periodicity
test of, 358

Platykurtic, 59

Plotting position, 149

Plotting position formulae, 149

Point estimation, 195

Poisson distribution, 106

Poisson process, 107

Population, 191

Population parameters, 65

Power transformation, see Box-Cox trans-

formation
Principal component, 259, 260
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determination, 260

variance explained, 262
Principal component analysis, 259
Probability density function, 23
Probability mass function, 23
Probability of exceedance, 147
Probability paper, 152
Probability plot, 149
Pulse data representation, 306

R
Random data generation
copula, 408
Random experiment, 7
Random samples, 192
Random variable, 8, 44
continuous, 26
functions of, 44
functions of bivariate, 45
functions of univariate, 44
Range, 57
Rank-sum test, 218
Realization, 308
Regression, 229
Reliability, 173, 178
Resilience, 179
Return period, 145
Risk, 173
Rolling Average, see Moving Average
Rosenblatt probability integral transforma-
tion, 406
Rosenblatt’s probability integral transforma-
tion, 406
Running Average, see Moving Average

S
Safety margin, 173
Sample data representation, 305
Sample space, 8
Sample statistics, 65
Sampling distribution, 192
Scaling function, see Father Wavelet
Scree plot, 268
Sign test, 217
Skewness, 58
Sklar’s theorem, 383
Spearman’s rank correlation coefficient or S-
pearman’s rho (p;), 390
Standard normal distribution, 113
Statistical inference, 194
Statistical properties, 75
jointly distributed random variables, 75
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Survival copula, 394

T
T-copula, 396
T-distribution, 133
Theorem of total probability, 18
Time series, 305
non-stationarity, 307
jump, 308
periodicity, 308
trend, 307
stationarity, 306
Time series model
invertibility, 330
non-stationary, 330
parsimony, 355
stationary, 330
Time series modeling, 321
Trend analysis, 308
Kendall tau test, 310
Mann—Kendall test, 309
regression test, 308
trend removal, 311
Type I error, 201

Index

Type II error, 201

U

U test, 218

Uncertainty, 175
Uniform distribution, 108

A\
Variance, 57
Vulnerability, 179

W
Wavelet transform, 361
types
continuous, 363
discrete, 364
stationary, 365
Weibull distribution, 126
Weighted mean, 55
‘White noise, 330
Whitening filter, 328
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