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countries.
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The main themes of the papers published here include:

e Water science and policy interactions
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e Scaling
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We hope that readers, especially water scientists and water resource managers from both
industrialised and developing countries, will benefit from the new insights that abound in
the papers published here. Hard work by the Guest Editors — Mike Bonell, Deborah Bossio,
Nick van de Giesen, and Siegfried Demuth — and the many anonymous reviewers are also
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Facts are facts but perceptions guide approaches

Abstract The present water policy debate is dominated by the 30 yr old mission to secure
water supply and sanitation to all people. The water needed to produce a nutritionally ac-
ceptable diet for one person is however 70 times as large as the amount needed for domestic
water supply. The food security dilemma is largest in arid climate regions, a situation consti-
tuting a formidable challenge. It is suggested that an additional 5 600 km?/yr of consumptive
water use will be needed to produce an adequate amount of food by 2050 — i.e almost a
doubling of today’s consumptive use of 6800 km?>/yr. Past misinterpretations and conceptual
deficiencies show the importance of a shift in thinking. Combining the scale of the challenge
and the time scale of the efforts to feed humanity and eradicate hunger leads to an impres-
sion of great urgency. This urgency strengthens the call for international research both for
supporting agricultural upgrading, and for much better handling of issues of environmental
sustainability. What stands out is the need of a new generation of water professionals, able to
handle complexity and able to incorporate water implications of land use and of ecosystem
health in integrated water resources management. It will for those reasons be essential and
urgent to upgrade the educational system to producing this new generation.

Keywords Water perceptions - Consumptive water use - Global food security - Water
losses - Rainwater partitioning - Blue water - Green water - Hydroclimatic differences -
Environmental sustainability - Water management

M. Falkenmark
Stockholm International Water Institute (SIWI), Drottninggatan 33, SE-111 51 Stockholm, Sweden
e-mail: malin.falkenmark @siwi.org
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Introduction’

The international water debate has tended to discuss one issue at a time. In the present water
policy debate, 90 percent of the interest goes to 10 percent of the problematique (citation
from A. Berntell, SIWI). What is being referred to is the dominating role in the debate of
the 30 yr old mission to secure household water provision to all people. This task originates
from the UN Water Conference in Mar del Plata in 1977 and its implementation has been
ongoing since the start of the International Drinking Water Supply and Sanitation Decade
1980, but still remains unfulfilled.

The hunger alleviation dilemma

By concentrating so much of the policy debate on this issue, an even more daunting water-
related effort tends to remain in the shadow: the water required for feeding an expanding
humanity and to eradicate hunger in line with the Millennium Development Goals for 2015
and beyond. The water required to produce a nutritionally acceptable diet for one person
amounts — with present level of water productivity — to 70 times as much on a per capita basis
as the amount seen as needed for domestic water supply on the 501/p d level, often referred
to as a human right (Gleick, 1996).

In spite of the lack of debate, the global food security issue is sharpening in view of a set
of conflicting tendencies:

— on the one hand, food needs are increasing in order both to raise the diets to nutritionally
acceptable levels and to feed the additional world population. At the same time, food
consumption is moving towards more water-consuming items (meat)

— on the other hand, possibilities to expand irrigation are shrinking due to groundwater
decline, streamflow depletion, and urban expansion and water source appropriation. At
the same time also agricultural land is shrinking due to erosion/salinisation and to urban
expansion.

This dilemma is largest in arid climate regions, where potential evaporation is larger than
precipitation. This situation constitutes a formidable challenge and largely an issue of learning
how to better live with water scarcity. This particular dilemma is characteristic of many of the
countries with lowest human development index, referred to as top/high priority countries in
the Millennium project.

The fact that this dilemma is not more discussed is quite remarkable, especially in view
of the huge amounts of water involved in producing food for the growing populations in the
arid climate region. Not even the water professionals themselves seem very concerned.

In the water debate, when discussing food security, countries beyond self sufficiency
potential are simplistically referred to socalled virtual water trade, i.e. to import from better
endowed regions. There is however to my knowledge no serious efforts to assess the potential
of and implications for the export regions. In other words, where is the food going to come
from, and what will be the consequences for the envisaged source regions?

! This paper is an expansion of the author’s contribution to the working document produced for CSD 13. “Let
it reign: the new water paradigm for global food security” (SIWI, IWMI, IFPRI & IUCN 2005)
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Irrigated or rainfed?

The discussions of the linkages between food production and water have until recently
been limited to discussions of plausible irrigation possibilities, given an assumed market
development. The problem with this approach is the gap between plausible future food
production and future food requirements to achieve food security for the world population.
What is left is a “hunger gap” (Conway, 1997), mainly in non-irrigated dry climate regions
in Subsaharan Africa and S Asia.

Since however most of the crop production in the world takes place in rainfed agriculture,
that discussion is far too limited. The crops don’t mind what water is available to the roots:
whether infiltrated rain or applied irrigation water. The situation therefore indicates that
there has to be a shift in thinking when discussing the formidable task of feeding a growing
humanity. Expanded irrigation can only solve part of the problem. Already today, there is a
large scale overappropriation of river flow over 15 percent of the land area (Smakthin et al.,
2004). In addition there is a huge overuse of groundwater beyond the renewal rate, leading
to declining water tables, more and more difficult to reach for the individual farmer. The
present irrigation is in other words not sustainable. According to the Millennium Ecosystem
Assessment as much as 1000 km?/yr, out of the overall some 4000 km*/yr withdrawn for
societal water needs, is being non-sustainable.

The limited expansion potential for irrigation calls for a need to turn attention to the
potential of upgrading rainfed agriculture. Earlier studies suggest a considerable potential,
provided that the crops can be protected against dryspell damage (Rockstrom and Rouw,
1997; Rockstrom, 2003).

This paper will have its focus on the shift in thinking and the conceptual framework
required to clarify the issue of feeding humanity on an acceptable nutritional level in line
with FAO’s projections. FAO foresees an average calory level in the developing world by
2030 of 2980 kcal/person day, i.e. almost 3000 kcal/person day (FAO, 2002). How much
more water will have to be reserved for crop production to produce that amount of food?
What has to be analysed is the net requirements in terms of consumptive water use; the
possible savings by maximising “crop per drop”-productivity, i.e. reducing “true losses” and
finally the potential water sources that remain by which the remaining water requirements
can be met. In addition it will be essential to analyse also the environmental sustainability
aspects: what environmental problems can be foreseen and which ones can be avoided and
how? And finally — respecting the existing human right for food in an International Covenant
on Economic, Social and Cultural Rights, what side effects will be unavoidable and will
therefore have to be balanced against human needs by trade-off approaches?

Getting concepts right

A firstcondition to be able to address these issues is to have words for the different phenomena.
One has to be clear about the basic truth that concepts are much more important than theories,
since theories are formulated in concepts. The same holds for problem definition which means
that concepts guide also the way we try to solve the problems as they have been identified.
In the scientific water community, there is for some reason an astonishingly slow tendency
to update concepts and the conceptual framework that interlinks humanity and the life support
system that provides human livelihoods. What will first be highlighted here are some mis-
leading perceptions. Moreover, a set of fundamental regional differences will be discussed
that are seldom being focused clearly enough, probably due to a general endeavour to keep
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the debate generic and not “embarrass” any particular region. By that attitude, regional par-
ticularities tend to remain in the dark and international recommendations not always be all
that reliable. The reliance on the Kuznet curve is an excellent example (Arrow et al., 1995;
Falkenmark, 2005).

Irrigated versus rainfed agriculture

As already indicated, the issue of water and food production has until recently been con-
centrated on irrigated agriculture, based on addition of liquid, socalled blue water. Most
countries in the world however depend for more that 60 percent of their cereal supply on
naturally infiltrated rain, socalled green water (Rockstrom, 2001). There is also a decreasing
relevance of the dichotomy between irrigated and rainfed agriculture which will have to be
addressed. The concepts are increasingly difficult to separate (Rockstrom and Barron, 2004).
In fact, one has to admit that irrigated agriculture is partly dependent on infiltrated rain. And
the opposite is equally true: in the present upgrading of rainfed agriculture, small-scale farm-
ing is being increasingly supported by supplementary irrigation for the purpose of dryspell
mitigation. Therefore, future development solutions tend to to be found in-between the two
extremes of purely irrigated and purely rainfed agriculture. The main solutions of future
agriculture will be different forms of in-between varieties.

Water losses

Since so much attention currently goes into finding out the implications of reducing water
losses in low efficiency irrigation systems, through efforts to increase the amount of crop
produced per drop of water, the concept water losses has to be properly clarified. In its present
use, it is diffuse and partly misleading. On the one hand, it may refer to blue water losses
from canals and irrigation fields that return to the basin and can be reused. On the other hand,
it may refer to green water losses in terms of pure non-productive evaporation losses from
canals and from irrigation fields. What we need is therefore to get a clear picture of what are
‘true’ as opposed to ‘imaginary’ losses in agriculture. On a catchment scale, it is only the
green water losses which are true losses, while the return flows are only imaginary losses.

Also the concept water use is diffuse. It often refers to water withdrawals, irrespec-
tive of whether part of that water is going back to the water system after use as return
flow, or it is turned into consumptive water use and vanishes from the area. For instance,
(Shiklomanov, 2000) has assessed water withdrawals for municipal, industrial and agricul-
tural uses to 3900 km?/yr, out of which only 1800 are being referred to as consumptive water
use. In order to avoid double-counting, focus should be given to the consumptive water use
of irrigation water, rather than the amount withdrawn from the river, since it implies a blue-
to-green redirection of the water flow, that will basically involve a corresponding depletion
of the streamflow.

Rockstrom et al. (1999) has estimated the consumptive/depletive water use involved in
current food production at 6 800 km?/yr, out of which some 1800 originates from irrigation
(blue-to-green redirection), whereas 5000 originates from naturally infiltrated rain. Applying
today’s crop water productivity, consumptive water use in agriculture includes avoidable
losses in the sense of water use beyond the biologically controled transpiration needs, or
“unnecessary” evaporation, amounting to maybe one third of the 6 800km?/yr or about
2300 km?/yr, a sizeable amount.

@ Springer
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Some regional particularities

Differences in hydroclimate are reflected in large differences in terms of both human liveli-
hood and dominating vegetation patterns (Falkenmark and Chapman, 1989). A factor of
dominating importance is the evaporative demand of the atmosphere and how it relates to
precipitation. In fact, precipitation over populated agricultural regions in the temperate cli-
mate zone does not differ very much from the situation in corresponding areas in the tropics.
What is different is the evaporative demand (Falkenmark and Lindh, 1976).

The implications are illustrated for three different hydroclimatic situations in Figure 1
(Falkenmark and Rockstrom, 2004)

— the temperate region is least complicated, as there is enough precipitation, moderate evap-
orative demand and therefore a precipitation surplus left to generate runoff

— in the semiarid tropics, the rainfall is similar but the evaporative demand returns almost
all rainfall to the atmosphere, leaving only a minimal amount to generate runoff. This
complicates irrigation in areas devoid of rivers entering from remote mountain regions

— in the humid tropics, both rainfall and evaporative demand are high but there still remains
a large surplus generating runoff.

Although the semiarid tropics are characterised by highly vulnerable ecosystems, they
combine at the same time rapid population growth, poverty and land use as a base for
life support. They can therefore be seen as the global hot spot region in terms of hunger
alleviation challenges. Although they are often rather misleadingly referred to as ‘marginal
drylands’, the term savanna better reflects the fact that these drylands are not as dry as often
perceived (Falkenmark and Rockstrom, 2004): there is basically rainfall enough to support
crop production during the wet season. Many of the top/high priority countries highlighted
in the Millennium Project are in this region.

Poorly adaptable ecological concepts

There is finally reason to address the issue of environmental sustainability and the concepts
involved. Basically, ecological concepts are based on biological phenomena while hydrolo-
gists — in order to enter attention to vital ecosystems in their water management efforts — need
to put focus on the water determinants of the ecosystems (Falkenmark et al., 2003; GWP,
2003). For hydrologists, terrestrial ecosystems where the soil moisture is a key determinant
have to be properly distinguished from aquatic ecosystems for which the water in the river is
the determinant. Wetlands — although hydrologically quite different — all combine a biological
meaning in the sense that the soil is wet and oxygen free (Pielou, 1998). They may however
differ considerably in terms of the type of water that keeps the wetland wet: condensation,
rainfall, soil moisture, groundwater discharge, inundating surface water, streamflow, etc.

Water requirements to feed tomorrow’s humanity
Forecasting versus backcasting

Past studies on future relations between water and agriculture have tended to have their focus
onirrigation. They have started from projections of plausible food consumption needs, paying
attention to an assumed income growth and market development, and analysed how those
needs could be met by an increased food production (FAO, 2003; Rosegrant et al., 2002).
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600

Temperate
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Fig. 1 Differences in water-related livelihood determinants (precipitation, potential and actual evaporation,
and runoff generated). Comparison for three ecological regions based on data from Lvovich
It has however been revealed that even if foreseen food consumption needs will be met, the
result will not be food security, due to a remaining “hunger gap” in poor regions (Conway,
1997).

Assuming that the international ambitions to alleviate hunger and undernutrition as re-
flected in the goals of the World Food Summit in 1996 and in the MDG’s are serious, it is
possible to take the opposite approach: to estimate what consumptive use will be needed to
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feed humanity as a whole on an acceptable nutritional level and to estimate what would be
the freshwater implications. In other words taking a backcasting approach.

Additional consumptive use requirements

Both Gleick (2000) and Rockstrom (2003) have analysed the consumptive water use involved
in producing today’s diets. According to Rockstrém, they amount to 690 m*/p yr in Subsa-
haran Africa and 820 m3/p yr in Asia (except the former Soviet Union). He has also shown
that to produce a diet of 3000 kcal/p d, which is the average nutrition level in developing
countries foreseen by FAO by 2030, will correspond to a consumptive use of 1300 m3/p yr
(including 20 percent animal protein).

Combining these data with population increase as foreseen til 2050 AD — when world
population is expected to have more or less stabilised — suggests that to produce the food
needed on the one hand for raising the regional diets to this level, and on the other to feed the
additional population, we can foresee the need for an additional consumptive water use for
food production of altogether 5 600 km®/yr (Rockstrom, 2003) — assuming no change in water
productivity. This is almost a doubling from the current 6 800 km?/yr. Comparing the regional
freshwater needs with current consumptive water use in the two hot spot regions indicates
that for food selfsufficiency, Subsaharan Africa would need to increase the consumptive use
by a factor 3.1 (from 465 km?/yr to 1450) and S and E Asia by a factor 2.2 (from 2830 km?/yr
to 6210).

There are of course numerous options to find these additional amounts of water that will
have to be appropriated from other current uses by humans or by ecosystems (Figure 2). The
first option is of course to increase water productivity by reducing true losses, i.e. transfer
non-productive evaporation into productive transpiration (maximise crop per transpired drop
by vapour shift).

Rockstrom (2003) has assessed the different options as follows:

— loss reduction, in irrigated agriculture maybe 200 km?/yr, in rainfed maybe 1500 at the
most

— additional irrigation, to be limited due to the streamflow depletion that might
follow — scarcely more than 600 km?/yr

Increased Feod Production

‘ Blue Options ‘ | Green Options ‘ Import

] | |

Expand Better use of Harvest local Expand to forests
irrigation infield rain rurnoff or grasslanis

Reduce losses

Fig. 2 Three basic ways to capture the additional water needed to meet consumptive water use of increased
food production: blue water options, green water options, and import/virtual water option
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— the rest or 3 300km?>/yr will have to be covered by expanding rainfed agriculture into
forests and grasslands, by import from cooler areas (saving maybe some 400 km?/yr, Oki
and Kanae, 2004), or by altering the water requirements of the crops through biotechnology
influencing the time to ripening etc.

— reducing the consumptive demands by diet changes, basically covering the highly water
consuming meat component by less water demanding protein sources (soya beans, etc.).

Implications of current environmental degradation
Living with change

The task to mobilise the water needed to meet the water requirements discussed above, to
feed the growing humanity and alleviate undernutrition evidently involves large changes in
terms of both land use and water partitioning into green vapour and blue liquid water flows.
These changes will all have ecological consequences which will be the price to be paid for
food security. A crucial challenge for humanity will therefore be to find out how to live
with change while protecting environmental sustainability. And what should be meant by
environmental sustainability?

First of all, it will be essential to try to get out of the current environmental degradation,
caused by today’s non-sustainable agricultural practices. There is in fact a large scale under-
mining of the biophysical resource base going on in the world. It has moreover to be realised
that some of the undermining phenomena are unavoidable (streamflow depletion due to re-
duced runoff generation or consumptive use of irrigation water; clearing of new croplands),
whereas others are at least theoretically avoidable (groundwater overexploitation, nutrient
leaching, and land productivity decline by erosion and salinisation).

Especially critical for future food production is the current overdraft beyond acceptable
blue water withdrawal quantities in rivers and aquifers. Such overdraft involves not only the
loss of water sources in current use for irrigation purposes, but limits also the possibility to
expand irrigation withdrawals.

Reduction of river flow

The consequences of large consumptive use in irrigation-dependent areas is a widespread
streamflow depletion through the blue-to-green redirection of the water flows involved. These
consequences are particularly troublesome in socalled closed river basins, where the remain-
ing unappropriated flow has to be protected for the aquatic ecosystems (Lannerstad, 2002;
Falkenmark and Lannerstad, 2005).

Ecologists have estimated the minimum water flow required for aquatic ecosystems at
some 30 percent of the annual flow, for regions where there is a dry season to which biota are
already used (Smakthin et al., 2004). In a recent world overview these authors estimate, as
already indicated, that over altogether 15 percent of the land area, hosting some 1.4 billion
people, is streamflow already overappropriated. River depletion implies a reduced river flow
relative to the long term average, in some rivers even a change from perennial to intermittent
flow. Reduced flow involves also reduced wastewater dilution capacity, and of course sharpens
the conflict of interest between upstream and downstream water uses.

The most evident example of river depletion. is the tributaries to the Aral Sea, where the re-
sult gets particularly evident since the Aral Sea is a closed lake without outlet (Falkenmark and
Lannerstad, 2005). The only way the lake can respond to a reduced inflow is by evaporation
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in order to diminish the lake surface, until there is balance between the evaporation from the
shrunken surface and the new inflow. The Yellow river is another example where the mouth
first dried up in 1972, continuously increasing so that by 1997 it was dry for altogether 7
months with the dry-up reaching 700 km upstream.

Groundwater overexploitation

Also the groundwater overdraft is cause for concern (Foster and Chilton, 2003) since it
indicates that a non-sustainable source of water is being consumed for irrigation, a source that
will no longer be available in the long-term. Rosegrant et al. (2002a) estimate groundwater
overdraft beyond groundwater recharge to 200 km?3/yr, with India, China and USA as the
major groundwater depleting nations. Seckler assessed a quarter of India’s harvest to rely on
such overdraft (Shah et al., 2003).

Unless reduced to sustainable levels, present groundwater use in NE China will effec-
tively destroy the groundwater dependent agriculture base, cause massive subidence and sea
water intrusion, and involve the loss of ‘insurance’ water for the future generations (Chinese
Ministry of Water Resources in Moench et al., 2003).

Nutrient leaching and eutrophication of surface water bodies

Leakage of the nutrients N and P from agricultural systems is causing major environmental
problems at present. It is estimated that only about half of these fertilisers are captured in
harvested crops (Tilman et al., 2001). Should current trends continue in terms of global N-
fertilisation, this would add 60 percent more fertilisers by 2025 and 170 percent more by
2050.

One consequence of the large scale leaching of N from areas where groundwater is being
recharged is rising nitrate levels in groundwater, a phenomenon widely spread under agricul-
tural regions in for instance Europe (Vogel and Grath, 1998). In semiarid climates with low
groundwater recharge, even small losses of N are enough to rise to high concentrations of
nitrate in groundwater (professor G. Jacks, personal comm.). Not only commercial fertilisers
but also use of large amounts of manure involves high risk for large leaching losses.

Consequences are widespread also in surface water bodies where they are easily detectable
in ecosystem switches with time, through the generated eutrophication problems. In the long
term the bottom waters develop oxygen free conditions, like in the Baltic Sea, the Black Sea
and the Mexican Gulf.

Reduction of land productivity

Over 80 percent of arable land worldwide is affected by soil degradation, reducing its pro-
ductivity (Millstone and Lang, 2003). Contributing factor in the tropics has been population
growth and the related collapse of the fallow-based production system of shifting cultivation.
While an erosion of 10tons/hayr is considered an absolute limit for sustained agriculture,
erosion in semiarid tropics with intense seasonal rains may be three times as high (Jacks,
2004).

An important determinant of land productivity is the nutrient level in the soil. While
in many industrialised countries, due to high level fertiliser application, nutrients are
accumulated in soils, building up pools of “chemical bombs” (Hekstra, 1995), there is the
opposite situation in Africa where a kind of ‘soil mining’ is ongoing. This is due i.a. to the
reduction of fallow periods forced by population growth, not compensated by addition of the

@ Springer



12 Water Resour Manage (2007) 21:3-18

nutrients needed, following the example of regions in the industrialised world when going
into continuous agriculture (Falkenmark and Rockstrom, 2004).

Moreover, semiarid tropical countries are highly vulnerable to altered land use due to
the changes generated in terms of the consumptive water use. When runoff generation is
low, even moderate changes in green vapour flow may be reflected in alteration of runoff
that may be large in a relative sense. Such changes have been generated in Australia which
now suffers from serious salinisation problems caused by the land use change during the
immigration period, when the eucalyptus woodlands were cleared for crops and grazing
(Gordon et al., 2003). These transitions generated water logging and salinisation of both soil
and groundwater, and now adversely affects agricultural and pastoral yields. The damage
now encompasses some 3.3 Mha. Some 5.7 Mha are considered at risk, predicted to increase
further to 17 Mha in 50 years time.

Salinisation is a widespread problem also on irrigated land when there is absence of
appropriate drainage, especially under excessive irrigation. Such absence is usually due to
the large expenses linked to digging of drainage canals. According to WWAP (2005), poor
drainage and irrigation practices have led to waterlogging and salinisation of approximately
10 percent of the world’s irrigated lands.

The environmental protection challenge

In order to minimise the ongoing undermining of the resource base it will have to be clar-
ified what the criteria are for “environmental protection” and “protection of ecosystems”.
Protection from what? To achieve what? First of all, the word ecosystem carries no scale,
which leads to the question what scale of ecosystems that we are referring to: a particular
component of the landscape regarded as an iconic site, a biodiversity reserve etc., or the
catchment as a whole seen as an ecosystem (GWP, 2003).

A key function to secure for future generations is the capacity of the life support
system to deliver food and biomass, ecological services of various kinds while endur-
ing disturbances and variability without shifting to a non-desirable state of the system
(Gordon, 2003), for example unproductive soils, savannisation of the rainforest, collaps-
ing farming system, eutrophication of a lake etc. Ecological systems in the landscape
are linked by flows of water in an upstream/downstream pattern. Freshwater flows, crop
production and other terrestrial ecosystem services are interconnected and interdepen-
dent. Aquatic ecosystems downstream respond to the integrated result of all upstream
acvtivities.

One way of seeing the linkage between integrated water resources management and eco-
logical services is to manage catchments as an asset that delivers a bundle of water and
ecological goods and services (GWP, 2003). Some of these services work in synergy, others
in conflict. Criteria have to be developed for the protection of the capacity for sustainable
production of life support, i.e. identification of what key functions are essential for the pro-
duction of terrestrial and aquatic ecosystem’s goods of social and economic importance, and
terrestrial and aquatic ecosystem’s services of ecological importance from different aspects.
Humanity, through its activities tends to alter disturbance regimes with which organisms
have evolved over time. There is therefore a need to secure enough “elasticity” (resilience)
of ecosystems to change in the surrounding conditions like storms, fire, drought, pollution
events, or creeping pollution. What has to be protected is the capacity to absorb continuous
change without loss of the dynamic capacity of vital ecosystems to uphold the supply of
ecological goods and services.
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As pointed out by Gordon (2003), freshwater redistribution may reduce resilience of
ecosystems in two main ways: both through a change of the role of freshwater as an internal
structuring variable (water quantity and quality), and as a disturbance regime (temporal
variability and timing). Land use and land cover change that alters the fluxes of water to
and from the soil can change the soil moisture at a local scale. Land cover change that
modifies the fluxes of water to the atmosphere can cause effects on scales, ranging from
local to global. Ecosystems may have multiple equilibrium and internally changing variables
within the system, like changes in quality or quantity of freshwater, reducing its resilience
and causing a transition from a desirable to a non-desirable state.

Towards food production sustainability
Main challenges

It is evident from the above that global food security is an enormous challenge not only
in terms of today’s weakness — food distribution — but in terms of the water implications
if FAO’s projections of food consumption by 2030 would materialise. It has already been
shown that producing the food needed to reach a world nutrition average of 3000 kcal/pd —
because of the consumptive water use involved — would have major water implications. One
has to consider the problematic fact that on the one hand river flow is already overused in
many of the irrigation-dependent regions (15 percent of land surface), and on the other there
is a large scale use of non-renewable groundwater over essential food producing regions in
India and China.

Groundwater overexploitation has to stop before it leads to foreseeable societal collapses
when the water source for irrigated agriculture gets out of reach. Such calamities will be un-
avoidable in heavily groundwater-dependent regions in India and NE China. Where ground-
water use cannot be controled in time due to millions of farmers like in India (Shah et al.,
2003), an agricultural restructuring will be unavoidable towards upgraded rainfed agriculture
supported by protective irrigation, especially during dryspells, and based on water harvesting,
or close to cities on reuse of recirculated urban wastewater.

This basically means that future food production will have to benefit maximally from
rainfall rather than from irrigation. As already indicated, climatic data show that there is,
also in the semiarid regions, generally rainwater enough during the rainy season to meet
consumptive water requirements from one crop, provided that the roots get access to that
water and plants can be protected from dryspell damages (Rockstrom and Falkenmark, 2000).

Since the approach taken here is based on today’s water productivity, considerable re-
duction of water requirements would be possible by reducing water losses. Primarily, it will
be essential to maximise productivity per drop of water transpired, i.e. minimise evapora-
tion losses. Productivity increase is in other words equivalent to loss reduction or “regain-
ing” the water involved in evaporative losses to cover part of the additional consumptive
water use (Falkenmark and Lannerstad, 2005). Minimising runoff losses is a more com-
plicated issue, since these losses are no true losses but form blue water flows available
elsewhere.

At the same time, attention has to be paid to the fact that today’s agriculture is undermin-
ing its own resource base. A sustainable future agriculture therefore implies mitigation of
avoidable problems linked both to land productivity (nutrient leaching, erosion, salinisation)
and to water productivity (groundwater overexploitation), Figure 3.
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But it also involves acceptance of streamflow depletion as a principal consequence of
on the one hand reduced runoff generation as a result of land use alteration, and of on the
other hand blue-to-green redirection of water withdrawn for irrigated agriculture. Also loss
of terrestrial ecosystems will have to be accepted where necessary to alleviate hunger and no
other alternatives remain.

Key measures needed to make agriculture more environmentally sustainable involves in
other words two categories of management activities: on the one hand mitigation of avoidable
problems or at least ceasing to aggravate them, and on the other hand balancing conflicting
land and water interests by trade offs in regard to the risk of further streamflow depletion or
lack of alternatives. When situations have already gone too far in terms of river depletion,
the first step may be to buy back allocated irrigation water from irrigated farms in the way
that is now practised in Australia (Scanlon, 2004).

Water management implications

On the most general level, one can say (Falkenmark and Rockstrom, 2004) that a successful
management will have to incorporate efforts to

— secure water and related services, in this case water-dependent food production
— avoid degradation of water and land resources and of ecosystem integrity
— foresee changes (climate, population, diet preferences etc).

To achieve this, an integrated approach will have to be taken to blue and green water,
seeing precipitation as the basic resource, and to water quantity and quality (GWP, 2003).
The best way will be to benefit from present focus on integrated water resources management
(IWRM) on a catchment/river basin basis (blue water approach) but to incorporate green water
through its interaction with the blue water, Figure 4. This would lead to an integrated land
and water resources management (ILWRM). Efforts towards such management approach is
being practised in several transnational rivers supported by the Global Environment Facility
(Duda, 2003).
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Fig. 3 Links between food production to meet global food needs, environmental impacts generated by agri-
cultural practices, and possible countermeasures towards ecologically sustainable food production
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Fig. 4 The catchment allows an integrated approach to all water-related phenomena within the water divide.
All the rain falling within the water divide is being partitioned between humans and ecosystems, terrestrial as
well as aquatic; between land use and water; and between upstream and downstream

Minimising ecosystem degradation will involve both water pollution abatement to pro-
tect the habitats of aquatic ecosystems, and securing minimum streamflow (‘“‘environmental
flow”). Minimising nutrient leaching and land fertility decline will be a major part of man-
agement efforts. What it all boils down into is an integrated land/water/ecosystem approach.

Catchment routing

Taking a truly integrated land/water/ecosystem approach will demand a stepwise routing
procedure with water accounting (GWP, 2003) — stretch by stretch — down the catchment,
or conversely from the river mouth up to the water divide (FAO, 2000). Attention has in
each stretch to be paid to runoff added to different river stretches by runoff generation from
surrounding land; to water demand sites and withdrawal needs; to pollution sites and amounts
added; assessing consumptive water use involved, return flows, available amounts of dilution
water and water quality implications.

The process has to pay adequate attention to upstream/downstream relations, resilience
criteria both for iconic ecological sites and for downstream aquatic ecosystems, and to related
bottom lines in terms of downstream streamflow (GWP, 2003). In the analysis, value routing
may be useful to guide in the necessary trade off striking (Falkenmark and Rockstrom,
2004). Throughout the process, social acceptability will have to be secured through a legally
achnowledged stakeholder participation in the trade off process.

Conclusions

FAO foresees a rapid improvement of diets with calory levels increasing to an average
for the developing world of 3000 kcal/p day in 2030. What will be needed to complement
these studies is an analysis of the water implications; this paper has given a first idea
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about the unbelievable scale of feeding humanity on the foreseen calory level and with
20 percent animal protein. It is difficult to deny that attention has to be paid to biophysical
constraints and trade off challenges when analysing the implications of the hunger allevi-
ation, linked to the conception of human right to food. In terms of the most extreme con-
sequences, it suggests that FAO’s nutrition projections would bring on the choice between
cutting down even more tropical rainforests or reducing the meat content of tomorrow’s
diets.

In view of the weight of the goal of feeding humanity and alleviating hunger, the water
implications discussed above motivates major international attention, especially in view of
the choices involved and the environmental sustainability dimension. The challenges should
be seen as issues of evident significance both for research and for policy development. An
evident occasion to bring up the issue will be the Millennium Summit in September 2005,
but there the attention will probably be concentrated on the 2015 MDG-targets, i.e. the near
term future.

This paper has also demonstrated the complexity of the issue of feeding humanity already
when seen in a natural science perspective only. To that complexity has to be added societal
and economic complexities.

Furthermore, past misinterpretations and conceptual deficiencies show the importance of
a shift in thinking to make it possible to address the complexity. The water community has to
get out of the “eddying discourse” that now characterises the international policy debate. This
debate tends to circulate around a limited number of issues —however important: water supply
and sanitation, privatisation, dams etc. What is neglected is the water-related implications of
the very basic issue of human right to food.

The scale of the challenge and the time scale of the efforts to feed humanity and eradicate
hunger, gives an impression of urgency. It is quite remarkable that such urgency does not
characterise the general debate. This debate continues more or less along the lines of the
1980°s and 1990’s. This urgency strengthens the call for international research both for
supporting agricultural upgrading, and for much better handling of issues of environmental
sustainability.

What also stands out is the need for a new generation of water professionals and hydroe-
cologists, able to handle complexity and able to incorporate water implications of land use
and of ecosystem health. It will for those reasons be essential and urgent to upgrade the
educational system for producing this new generation.
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Abstract A 0.5-degree grid-based assessment of the scarcity of global water resources in-
cluding virtual water trading has been made. The three components of water availability
considered for each grid were local runoff, routed flow from upstream and virtual water
trading. Several assumptions were postulated to convert country-base estimations of virtual
water trading to grid values. The results show that unequal spatial distribution of global water
resources had been considerably neutralized by virtual water trading. A large proportion of
people in the Middle-East, North-Africa and Sub-Sahara region are able to relieve their water
stress through virtual water import. The paper also reports two hypothetical scenarios with
extremes of natural flow availability based on the presence and absence of routed upstream
flow.

Keywords Global water scarcity - Virtual water trading - Grid-based analysis - Water stress
index - Spatial distribution of stress

Introduction

Global water resources in the 21st century are an increasingly important concern for the
sustenance of human life, ecosystems and economic progress. The issue is a matter of in-
ternational interest since the origin and movement of water is interlinked globally amongst
different parts of the world; it therefore needs to be addressed in a holistic way. In this context,
the availability of global water resources and its movement can be defined by the following
three components; (1) Local runoff; (2) Exogenous runoff (routed runoff from upstream);
and (3) Virtual Water flow.

The first two components can be considered as part of the natural movement of water.
Along with its natural movement or availability, the third component of global water resources
i.e. virtual water flow between countries through trading of food products is also playing
an important role in global water balance. Theoretically, the total water resource available
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in the world is still enough to support the existing population, if it could be distributed
homogeneously. However, in reality water resources are unevenly distributed and at current
population levels many countries are already suffering from water scarcity. Direct import of
water is generally out of the question, so the concept of virtual water trading has emerged.
The term Virtual Water is defined as the amount of water needed to produce a commodity or
service of any kind, although it is most commonly used in relation to the water required to
produce agricultural commodities. The idea was first introduced by J.A. Allan in 1993, and
later received attention by many water resources experts.

Established approaches to global water resources assessment aimed at defining annual
water scarcity focus on estimating either the natural availability of water resources compared
with demand, or the size of population per unit of water flow (Kulshreshtha, 1993; Raskin
etal., 1997; Vorosmarty et al., 2000; Oki et al., 2001, 2003; Alcamo et al., 2003; Dol et al.,
2003 and Arnell, 1999b, 2004). These narrow definitions apply easily to a country or a region
that has no global communications, or an isolated economy, and must achieve its development
goals through its own resources. However, in the current era of globalization and abundant
communication facilities, most of water-scarce countries have ample scope to compensate
their shortcomings by importing food or other water-intensive products. Exchange of virtual
water between different parts of the world is already playing a significant role in redressing
the unequal spatial distribution of global water resources, especially in the case of countries
in arid regions (OKi et al., 2003).

In the present study, global estimates of virtual water trading have been superimposed
on a spatially distributed grid-based analysis of global water availability. To the best of
our knowledge, no other study has yet attempted to consider these two factors together, i.e.
natural water availability in relation to virtual water trade at a global scale. A number of recent
studies have estimated virtual water trading between countries, or between regions, including
Hakimain (2003), Turton (2000), Wickelns (2001, 2004), Fadel and Maroun (2003), Yegnes-
Botzer (2001), Parveen and Faisal (2004) and Yang and Zehnder (2001, 2002). Hoekstra
and Hung (2002, 2004) reports the only study that estimated the global balance of virtual
water trading of food and other products among different countries. These studies compared
country-level virtual water trading with present water resources availability and demand by
introducing indices such as water self sufficiency and water dependency, i.e. the percentage
of water demand a country meets by its own resources and the percentage that it covers by
importing virtual water. However, these studies did not combine virtual water trading with that
of natural availability of flow explicitly in a spatially distributed manner. Basic country-based
data on natural water availability was not estimated directly but collected from secondary
sources as FAO (2004).

In our study, the global estimate of natural water availability has been made directly from
11 Land Surface Models (LSM), under Global Soil Wetness Project-2 (GSWP-2). The supe-
riority of direct grid-based estimates over country-based studies has been recognized, since
it can better describe the spatial variability in water resources availability. Some of the con-
temporary studies on global water resources availability thus concentrated on smaller scales
such as basin- or sub-basin scale, or on grid-based studies. The state-of-the art approaches
for these studies use a Macro-Scale Hydrological Model (MSHM) to estimate water balance
components, as in the cases of Macro-PDM by Arnell (1999a,b, 2004), Variable Infiltration
Capacity (VIC) model by Nijssen et al. (2001), Water Balance Model (WBM) by Vorosmarty
(2000), and WaterGAP-2 by Alcamo (2003) and Ddll et al. (2003). It is true that MSHMs
are simpler than LSMs, and a calibrated MSHM can reproduce hydrographs better than an
un-calibrated LSM. However, compared to MSHM, an LSM not only considers hydrological
water balance, but details energy and water balances including hydrological, radiative and
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even plant physiological processes (Sellers et al., 1986, 1996; Dickinson et al., 1986, 1998).
Currently available LSMs can simulate monthly river runoff quite well, provided that the pre-
cipitation and other forcing input data for the LSMs are accurate enough (OKki et al., 1999).
In fact, all the global circulation models (GCMs) that provide future climate projections use
some kind of LSMs. So it is likely that LSMs will be also used directly for water resources
projections in future GCMs to simulate the hydrological cycle (Oki et al., 2001).

The method for estimating virtual water in the current study also differs from the method-
ology of recently published global scale studies. In estimating virtual water trading, Hoekstra
(2004) used the virtual water content of the products of the exporting countries for both ex-
port and import process. However, in this study the virtual water content of a product was
estimated separately for exporting and for importing countries. Usually, the crop yield in
the exporting country is higher than the importing country, so the virtual water content of
a product in the exporting country is less than that of the importing country. Differences
in water contents of the product between the exporting and importing countries should be
of interest to estimate how much water the importing country is saving by importing that
product. So, when estimating the grid-based water balance between natural flow availability
and virtual water trading, it is more realistic to consider the virtual water content of products
separately for importing and exporting countries.

Virtual water trading in a broad sense includes both food products as well as many other
industrial products that require water in their production process. It is thus a limitation of the
study that it considered only the food products, i.e. some major crops and livestock. However,
as an attempt to couple virtual water trading with natural availability of flow in a spatially
distributed manner, the study still provides a useful estimate of water scarcity around the
world.

Global water availability estimation
Local runoff

One of the main objectives of the second phase of the Global Soil Wetness Project (GSWP-
2) was to produce the best estimate of global water cycle components for the years from
1986 through 1995. Global distribution of runoff is one of the datasets GSWP2 is producing,
which is used in this study to evaluate global water scarcity. Offline simulation of the energy
and water balance at the land surface was calculated by 11 LSMs for the purposes. Detailed
descriptions of the project are available at Dirmeyer ef al. (2006).

The runoff dataset produced by the first Global Soil Wetness Project, GSWP1 was evalu-
ated by OKki et al. (1999). Their study pointed out that it tends to underestimate stream flow,
especially in northern mid- to high-latitude, probably due to gauge under-catch in strong wind
conditions. Overcoming the problem is one of the motivations of GSWP2. An empirical tech-
nique to correct gauge under-catch was proposed and adopted in the process of producing
GSWP2 precipitation data. To examine the reliability of the GSWP2 Baseline (BO) results,
the average LSM output of annual runoff was compared with other estimates as shown in
Table 1.

It has been evident from the results that GSWP2 B0 runoff data produced by 11 GSWP2
participating LSMs are much higher than earlier studies, especially in the northern mid-
to high-latitude. This is a completely opposite result from GSWP1. It might be due to the
over-correction of the gauge under-catch of GSWP2 B0 precipitation dataset. An alternative
approach was adopted in this case to improve the average output by excluding those extreme
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Table 1 Continental runoff (km3/year)

Raskin Vorosmarty
Region etal. (1997) et al. (20000 GSWP1  GSWP2-BO  GSWP2-BO-CT
Africa 4050 4520 3616 4473 4533
Asia 13510 13700 9385 15902 10797
Europe 2900 2770 2191 9827 5093
Oceania 2404 714 1680 1943 1879
North America 7890 5890 3824 10713 6456
South America 12030 11700 8789 9799 10183
Total 42784 39394 29485 52657 38941

values for each grid out of 12 models, i.e. the maximum and minimum values of two models.
This version of GSWP2 output was named as GSWP2-B0-CT. Even though such a measure
has no strong scientific rationalale, still it improved the runoff estimates significantly as
shown in Table 1. The only problem that remains is in data for Europe, which are still very
high. It is assumed that possibly the original precipitation data in the corresponding European
region had already corrected for wind under catch, and the GSWP-2 forcing data in the region
was over-corrected. Further improvement of the issue is under consideration. In this study
we used the output from the GSWP2-B0O-CT version for local runoff estimate.

Exogenous runoff from upstream

Present output from the GSWP2-BO-CT version can be further routed to global river net-
works to produce estimates of the river discharge. Total Runoff Integrated Pathways (TRIP),
developed by Oki and Sud (1998), was used for this purpose at a resolution of 0.5 x 0.5
degree grids. A detailed description of the TRIP model is available at Oki et al. (1999) or
Okada (2000). Actually, the grid runoff estimated from those LSMs is the local runoff as
shown in Figure 1a. Use of a river routing model TRIP added the exogenous runoff available
at each grid from upstream to that of local runoff. The difference between TRIP-routed runoff
with that of LSM runoff is actually the net contribution to a cell of exogenous runoff from
the upstream as shown in Figure 1b.

Theoretically, all of this exogenous runoff should be available at the downstream grid
points, as assumed in previous studies by Vorosmarty et al. (2000) and Alcamo et al. (2003).
However, in reality because of upstream withdrawal, a significant portion of this exogenous
runoff is not available at the downstream grids. Especially in the case of long trans-boundary
rivers, in arid or semiarid regions, the problem is more serious. This exogenous runoff
is actually an uncertain amount of water for a particular grid. This study thus critically
assessed the routed amount of flow and accounted for the effect by introducing the following
formula:

Q=R+a) Dy

where, Q is the water available at a particular grid, R is the grid runoff from the LSM output, D
is the discharge from other upstream grids due to routing, « is the ratio of water from outside
the grid to that of the water resources inside the grid. Here « = 1.0, means that all of the
exogenous runoff generated upstream from the routing scheme can be used at the downstream
grid, i.e. the TRIP-routed discharge. When o = 0.0, it assumes that no upstream contribution
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Fig. 1 Global distribution of runoff (a) local runoff or vertical component of flow (direct output of runoff
from LSMs without routing) (b) Exogenous or horizontal component of flow (net upstream contribution of
flow due to routing effect)

is available, so the water resources availability at a grid is just what it is available within the
grid, i.e. only the local runoff. Depending on a number of factors as climatic, socio-economic,
land use, or topographical factors that affect upstream water withdrawal, the o value varies
among different regions in the world.

Estimating virtual water exchanges

Unit requirement of water resources to produce each commodity (hereafter called UW) is
the starting point for the quantification of virtual water trading. Some estimates of UW are
available from Wichelns (2001), Hoekstra and Hung (2002), and Oki et al. (2003). However,
there are still a lot of uncertainties in determining UW, probably because alternative rational
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Table 2 Estimated values of

UW for different products by Oki Unit Water Content,
et al. (2003) Products  UW (m?/ton)
Rice 3200
Wheat 1600
Maize 900
Soybean 2500
Barley 1200
Chicken 4500
Pork 5900
Beef 20700
Egg 3200
Milk 560

-2000 -1000 -BOO  -50 -1 0 1 50 500 1000 2000
e - E—
Exporting Importing

Fig. 2 Net trading of virtual water among the countries (m>/c/y)

definitions of virtual water have been made. Previous studies have estimated UW for grains,
and livestock individually as described detail in the reference Oki et al. (2004). UW estimates
for individual products were made based on the available information or experience in Japan.
A list of estimated UW for different products is shown in Table 2.

As mentioned above, Oki er al. (2003) differentiated virtual water content of a product
for both the exporting and importing countries. Usually it varies due to the difference in
crop yields between the two respective countries. FAO data sets of crop yields for different
countries in the world (FAO, 2000) were used to estimate the UW requirements of products
for each country, and compared to Standard UW estimates and crop yield. The modified
UW requirement is then termed the virtual water content of a product for that country. FAO
estimates of global trading of crops and livestock between different countries for the year 2000
(FAO, 2004) were utilized to estimate the country-level annual virtual water flows between
countries. To make the figure comparable among different countries, the total amount of
export and import was divided by year 2000 population and the country-based per capita
export or import is shown in Figure 2.
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Table 3 Comparison of food consumption rate among rural and urban people (modified from Regmi and
Dyck, 2001)

Urban Rural
Roots &  Fruit & Meats & Roots &  Fruit & Meats &
Cereals  tubers vegetables  offals Cereals  tubers vegetables  offals
Kg/capita/year
China®
1988 199 NA 195 29 208 NA 135 12
1998 140 NA 166 30 200 NA 128 16
Grams/capita/week
Indonesia®
1978 2.165 275 1.005 64 2.560 810 975 36
1987 2.182 279 1.275 108 2.579 612 1.364 16
Kg/capita/month
Pakistan®
1979 10.59 0.73 NA 0.85 13.66 0.72 NA 0.46
1987/88 9.75 0.68 NA 0.76 12.69 0.68 NA 0.51

2Economic Research Service, USDA
°FAO, 1993

Because, FAO estimates for crop trading were available at country level only, virtual water
trading was estimated at country scale. This is a usual procedure followed by other global
scale studies as well (Hoekstra and Hung, 2002, 2004; Oki et al., 2003). However, this study
assumes that virtual water export and import should have specific spatial variability within the
country based on the nature of land use and population density. The first scientific question
was how to match these country level estimates of virtual water trading to that of the grid
runoff values from GSWP2.

In this connection, the following assumptions were made:

— virtual water export from a country is spatially distributed among the grids in proportion
to the density of agricultural areas.

— virtual water import by a country is distributed to its grids in proportion to population
density.

In the case of virtual water export, it can be reasonably assumed that crops or livestock are
collected from those agricultural areas utilizing local water resources. Therefore the virtual
water export for a particular grid can be estimated as:

= (Agricultural area of the grid/Total Agricultural area of the country)

xTotal amount of virtual water exported from the country

In the case of the country-based virtual water import value, however, allocations among
grids are not so simple. For a particular country, there are at least two questions that need
to be answered as follows — whether there is any significant difference in food consumption
patterns amongst different parts of the country, and which parts of the country depend heavily
on imported foods. As shown in Table 3, the per capita food consumption among urban and
rural areas actually does not differ much (Regmi and Dyck, 2001). The only difference is the
combination of foods as cereal, meat or vegetables. Converting the total food consumption
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into equivalent virtual water content, the difference is again negligible. Another study by
Ozcan (2003) on food consumption patterns in Turkey reported the same results.

Regarding the other issue — i.e. the dependence in different parts of a country (e.g. urban
and rural) on imported food products — the most important problem is the extent of internal
trading, data on which are rarely available, and vary significantly among countries. It is
rational to assume that urban people are mostly dependent on imported food products, while
the rural people mostly produce their own food. However, other factors such as storage
facilities, economic conditions and food habits, etc. may significantly affect dependence on
imported food. For a 0.5-degree grid-based analysis, in the absence of adequate information,
such factors are difficult to quantify accurately. Under the same program, studies are in
progress to consider such effects in as much detail as possible. At this stage of the present
study, we assumed simplistically that all the imported food products for a particular country
are equally distributed along different grids based on population density. Based on the above
assumptions, the grid based distribution of virtual water exports and imports is shown in
Figure 3a and b.

Water stress level

There are a number of indices used to define water resources stress. Two of the widely
used indices are the use- to- resources ratio and per capita water availability. The ratio of
water use, or withdrawal, to runoff was used as an indicator in many studies such as in the
UN Comprehensive Assessment of the Freshwater Resources by Raskin et al. (1997), and
in Alcamo et al. (2003); Vorosmarty et al. (2000), Oki et al. (2001), and Arnell (1999b).
However, the difficulty with this indicator is correctly estimating water use. Another index
developed by Falkenmark e al. (1989) is simpler, and defines water stress by estimating the
number of people per flow unit (i.e. 10® m®) annually. It differentiates four stress levels based
on per capita water availability as follows:

Per capita water availability (m3/c/y)  Stress level

>1700 No stress
1000-1700 Moderate stress
500-1000 High stress
<500 Extreme stress

Several studies designed for global water resources assessment (Arnell, 2004; Revenga et al.,
2000; Kulshreshtha, 1993) also adopted this index.

In the present study, the Falkenmark index was adopted because it is simple and compre-
hensive to couple with virtual water export and import values. The per capita virtual water
exports from different grids in the exporting country were deduced from the per capita runoff
availability in those grids. Likewise, per capita virtual water import was added to the per
capita annual runoff availability in the importing country grids. The above four stress levels
were adopted and the number of people under each stress level estimated. To differentiate
the effect of virtual water trading on relieving stress, two estimates were made: one for water
stress using the GSWP2 results without virtual water trading; and the other for GSWP-2
results combined with the net virtual water trade.

One other important concern is the exogenous runoff availability. As mentioned in the
previous section, this flow is actually uncertain so that a coefficient & was introduced. Here,
two extreme scenarios of o value have been considered as o = 1.0, i.e. full availability
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Grid total VW export, 1000 m3/y (0.5 deg. grid)
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Fig. 3 Distribution of country-based virtual water trading among grids; (a) Export of virtual water (based
on real water requirements of the country) (b) Import of virtual water

of routed flow from upstream grids; and o = 0.0, i.e. no upstream flow available at those
downstream grids but only the LSM grid runoff. Availability of this exogenous flow in the
real world would be between these two « values.

Global figures

Table 4, shows detailed results of the number of people at different stress levels under
different scenarios. Population data used for this purpose are derived from the CIESIN 2.5-
minute grid data aggregated to 0.5 degree. Because of differences in the land-sea mask
between CIESIN and GSWP2 grids, special adjustments were made to relocate CIESIN
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Table 4 Global population under different stress levels and scenarios, including virtual/real water flows and
exogenous runoff

o = 1.0 Stress level (m3/c/y) o = 0.0 Stress level (m3/c/y)

Without VW With VW Without VW With VW

Global population in millions

No stress: >1700 3768 3931 2179 2347
Moderate: 1000-1700 524 564 756 879
High: 500-1000 632 705 996 1103
Extreme: <500 1142 851 2111 1672
Population below 1000 m3/c/y level 1774 1556 3107 2775
Population below 1700 m3/c/y level 2298 2120 3863 3654
Virtual water trading derived from
—Increase in per capita water availability 4160 4160
—Decrease in per capita water availability 1525 1525

grids to match the GSWP2 grids. Population data for boundary grids between two countries
also needed adjustment when aggregated from 2.5-minute to 0.5-degree grids. However,
both the cases of difference in land-sea mask and country boundaries, still some problems
remain so that minor deviation in population count for smaller countries might occur. Further
improvement of the problem by adjusting GSWP2 and CIESIN boundaries is underway in
future studies.

It can be seen from Table 4 that virtual water trading plays an important role in relieving
pressure for a large number of global population. The maximum number of people that
reduced their stress are in the group with the extreme stress level of 500 m3/c/y. Arid countries
with very low water availability belong to this group as they have no option but to survive
by importing water-intensive products. Gradually, for reduced stress levels, such imports of
virtual water declined. However, for the 1000 m3/c/y or 1700 m3/c/y categories, the total
number of people relieved from stress through virtual water trading is still significant. As
shown at the bottom of Table 4, the number of people benefiting from an increase in per
capita water availability due to virtual water trading is higher than the number of people
suffered from a reduction in per capita water availability.

Table 4 shows the difference in water availability under two extreme « values. The exact
value of « is difficult to estimate and varies between different regions. Here o = 1.0 is the
best scenario when all the upstream flow is available for downstream users. However, in the
changing world with increasing population and industrial activities, it is already evident that
the upstream water withdrawal rates are increasing gradually, thus decreasing the value of
a over time. For trans-boundary rivers, a decreasing trend in « might portend increasing
conflict over water sharing between countries. So, the « = 0.0 figure can be seen as the worst
scenario at some hypothetical future time.

Regional figures

The spatial distribution of water stress levels affected by virtual water trading on a regional
basis can be seen in Figures 4 and 5. These Figures indicate that countries in the Middle-East
and North-African are relieving their water stress significantly by importing virtual water. To
explore this phenomenon further, Table 5 shows a quantitative analysis based on six different
regions. On the top of the list, the North-Africa and Middle-East countries benefit the most
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Fig. 4 Effect of virtual water trading on the present state of water stress (m3/c/y) level for & = 1.0 scenario
(i.e. full use of exogenous flow)

from the virtual water trading process. Approximately 70% of the 166 million people of this
region under the extreme water stress scenario could be upgraded to reduced stress conditions
through virtual water trading. In total almost 90% of the population could increase their per
capita water availability in the region through virtual water trading. Next to this region is Latin
America, which also improved per capita water availability through virtual water trading.
For Asia the net upgrading of per capita water availability is the lowest. This result is to
some extent confusing considering the country-based data shown in Figure 2, which shows
that most of Asian countries are importing virtual water. Because of the larger import of
virtual water, the per capita water availability should increase for a larger number of people.
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Fig. 5 Effect of virtual water trading on the present state of water stress (m3/c/y) level for & = 0.0 scenario
(i.e. no exogenous flow)

However, this actually happened because of the fact that most Asian people live in rural
areas or agricultural districts. Therefore the export of virtual water from those agricultural
grids affected a large number of people in the form of reduced per capita water availability.
On the other hand, even though the OECD countries are larger exporters, the population
density in their agricultural grids are lower than Asian countries, so that the percentage of
people suffering from reduced per capita water availability is comparatively lower than Asian
countries.

Regarding the effect of exogenous runoff, the region FSU is affected most seriously for the
case where o = 0. This is because of the large number of long rivers in the FSU region where

@ Springer



Water Resour Manage (2007) 21:19-33 31

Table 5 Regional disaggregation of water stress affected by virtual water (VW) trading and exogenous flow

Population (million)

Stress level Latin N. Africa
(m3/cly) Asia FSU America & Mid. East  OECD SubSahara
a = 0.0, without VW

<500 1346.79 72.7830 132.960 242.080 149.876 153.552
500-1000 596.735 40.4396 65.3456 46.6223 148.526 86.4631
1000-1700 404.240 33.5412 50.6976 28.2680 135.057 94.6533

>1700 833.344  140.632 246.496 51.9847 520.554 328.044

a = 0.0, with VW

<500 1260.48 47.7393 84.7941 80.4676 96.3944  101.258
500-1000 589.564 55.8949 87.2469 77.9914 151.068 127.415
1000-1700 437.615 38.7019 58.4312 79.2682 151.965 96.2663

>1700 843.970  143.938 261.603 149.346 544.242 343.043

o = 1.0, without VW

<500 681.028 15.0467 107.178 166.351 71.5279  88.3487
500-1000 394.449 25.0310 27.8109 41.0389 69.2100  66.2937
1000-1700 294.123 22.3815 37.4982 29.2238 81.0784  53.9800

>1700 1812.41 225.031 323.184 150.061 732.252 458.195

a = 1.0, with VW
<500 637.054 10.07678 60.3195 49.7634 30.2300 62.7386
500-1000 383.744 20.0299 58.1494 52.1955 98.2730  80.1350
1000-1700 320.609 30.2506 34.7646 49.2471 60.8454  57.8338
>1700 1829.93 226.673 340.330 235.935 762.129 467.448
Total

Increase in per 1868.29 206.110 408.677 345.076 665.238 580.066
capita water availability

Decrease in per 1178.82 33.9605 44.0391 17.0300 238.578 8.47740

capita water availability

the routing effect therefore produces a large percentage of flow which is affected in the case
where o = 0. In practice the o value should vary within O to 1 so that the tabulated numbers
here provide a complete range of future possibilities of the exogenous runoff availability in
different parts of the world.

Conclusion

This study demonstrated a state-of-the art approach of preparing a grid-based estimation of
virtual water trading in different parts of the world, coupled with the latest estimation of
runoff availability from the GSWP2 project. The percentage of population that benefited
from virtual water trading is the highest for the Middle East, North African, and Sub-Saharan
African regions. Considering the Falkenmark index, the population below the worst stress
scenario, i.e. 500 m3/c/y water availability, are the greatest beneficiaries of this virtual water
trading. Around 25% of the total global population suffering at this acute shortage level could
upgrade themselves to the upper level.

The difference in the number of affected people for country-level and grid-level studies
is another important finding to note here. From the country-based estimates it was seen that
some OECD countries including USA, Canada, Australia, and New Zealand are the largest
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exporters of virtual water, and Asia is the greatest net importer. However, the regional estimate
of affected population based on grid-base calculations shows that the percentage of people
suffering from a reduction in per capita water availability due to export of virtual water is
still higher for Asia compared to that of OECD countries. This is because of the difference
in the spatial distribution of land use and population density among different regions.

Because of the upstream water withdrawal effect, availability of the routed runoff is
actually quite uncertain, so two different scenarios of natural runoff, as with or without routed
flow, were made. This analysis showed that the global population under the 500 m>3/c/y stress
level would be doubled under the worst scenario of non-availability of upstream routed flow.
In the changing world with increased population and water demand, conflicts on water sharing
issues along the trans-boundary rivers are already evident in many parts of the world, and
these might be aggravated in future.

The main limitation of the study is that the estimated grid values of virtual water trading
are based on country-level estimations of virtual water trading from the FAO food trading
data base, modified by some assumptions. True grid-based estimates of virtual water trading
would require a direct estimation of virtual water flows among different grids, irrespective
of national boundaries between countries. Unfortunately such detailed information is not
available on a global scale; nevertheless, the output of this study can be considered useful as
an improved and more realistic analysis of global water scarcity incorporating virtual water
trading.
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Abstract The water footprint shows the extent of water use in relation to consumption
of people. The water footprint of a country is defined as the volume of water needed for
the production of the goods and services consumed by the inhabitants of the country. The
internal water footprint is the volume of water used from domestic water resources; the
external water footprint is the volume of water used in other countries to produce goods and
services imported and consumed by the inhabitants of the country. The study calculates the
water footprint for each nation of the world for the period 1997-2001. The USA appears to
have an average water footprint of 2480 m3/cap/yr, while China has an average footprint of
700 m>/cap/yr. The global average water footprint is 1240 m>/cap/yr. The four major direct
factors determining the water footprint of a country are: volume of consumption (related to
the gross national income); consumption pattern (e.g. high versus low meat consumption);
climate (growth conditions); and agricultural practice (water use efficiency).

Keywords Water footprint - Consumption - Virtual water - Indicators - Water use
efficiency - External water dependency

Introduction

Databases on water use traditionally show three columns of water use: water withdrawals
in the domestic, agricultural and industrial sector respectively (Gleick, 1993; Shiklomanov,
2000; FAO, 2003). A water expert being asked to assess the water demand in a particular
country will generally add the water withdrawals for the different sectors of the economy.
Although useful information, this does not tell much about the water actually needed by the
people in the country in relation to their consumption pattern. The fact is that many goods
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consumed by the inhabitants of a country are produced in other countries, which means that it
can happen that the real water demand of a population is much higher than the national water
withdrawals do suggest. The reverse can be the case as well: national water withdrawals
are substantial, but a large amount of the products are being exported for consumption
elsewhere.

In 2002, the water footprint concept was introduced in order to have a consumption-
based indicator of water use that could provide useful information in addition to the tra-
ditional production-sector-based indicators of water use (Hoekstra and Hung, 2002). The
water footprint of a nation is defined as the total volume of freshwater that is used to pro-
duce the goods and services consumed by the people of the nation. Since not all goods
consumed in one particular country are produced in that country, the water footprint consists
of two parts: use of domestic water resources and use of water outside the borders of the
country.

The water footprint has been developed in analogy to the ecological footprint concept
as was introduced in the 1990s (Rees, 1992; Wackernagel and Rees, 1996; Wackernagel
et al., 1997). The ‘ecological footprint’ of a population represents the area of productive
land and aquatic ecosystems required to produce the resources used, and to assimilate the
wastes produced, by a certain population at a specified material standard of living, wherever
on earth that land may be located. Whereas the ‘ecological footprint’ thus quantifies the area
needed to sustain people’s living, the ‘water footprint’ indicates the water required to sustain
a population.

The water footprint concept is closely linked to the virtual water concept. Virtual water
is defined as the volume of water required to produce a commodity or service. The concept
was introduced by Allan in the early 1990s (Allan, 1993, 1994) when studying the option
of importing virtual water (as opposed to real water) as a partial solution to problems of
water scarcity in the Middle East. Allan elaborated on the idea of using virtual water import
(coming along with food imports) as a tool to release the pressure on the scarcely available
domestic water resources. Virtual water import thus becomes an alternative water source,
next to endogenous water sources. Imported virtual water has therefore also been called
‘exogenous water’ (Haddadin, 2003).

When assessing the water footprint of a nation, it is essential to quantify the flows of virtual
water leaving and entering the country. If one takes the use of domestic water resources as
a starting point for the assessment of a nation’s water footprint, one should subtract the
virtual water flows that leave the country and add the virtual water flows that enter the
country.

The objective of this study is to assess and analyse the water footprints of nations. The study
builds on two earlier studies. Hoekstra and Hung (2002, 2005) have quantified the virtual
water flows related to the international trade of crop products. Chapagain and Hoekstra (2003)
have done a similar study for livestock and livestock products. The concerned time period in
these two studies is 1995-1999. The present study takes the period of 1997-2001 and refines
the earlier studies by making a number of improvements and extensions.

Method

A nation’s water footprint has two components, the internal and the external water footprint.
The internal water footprint (/WFP) is defined as the use of domestic water resources to
produce goods and services consumed by inhabitants of the country. It is the sum of the total
water volume used from the domestic water resources in the national economy minus the
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volume of virtual water export to other countries insofar related to export of domestically
produced products:

IWFP =AWU 4+ IWW 4+ DWW — VW Egom (1)

Here, AWU is the agricultural water use, taken equal to the evaporative water demand of
the crops; IWW and DWW are the water withdrawals in the industrial and domestic sectors
respectively; and VWE ., is the virtual water export to other countries insofar related to
export of domestically produced products. The agricultural water use includes both effective
rainfall (the portion of the total precipitation which is retained by the soil and used for crop
production) and the part of irrigation water used effectively for crop production. Here we do
not include irrigation losses in the term of agricultural water use assuming that they largely
return to the resource base and thus can be reused.

The external water footprint of a country (EWFP) is defined as the annual volume of water
resources used in other countries to produce goods and services consumed by the inhabitants
of the country concerned. It is equal to the so-called virtual water import into the country
minus the volume of virtual water exported to other countries as a result of re-export of
imported products.

EWFP =VWI — VW Exe_expor @

Both the internal and the external water footprint include the use of blue water (ground and
surface water) and the use of green water (moisture stored in soil strata).

The use of domestic water resources comprises water use in the agricultural, industrial and
domestic sectors. For the latter two sectors we have used data from AQUASTAT (FAO, 2003).
Though significant fractions of domestic and industrial water withdrawals do not evaporate
but return to either the groundwater or surface water system, these return flows are generally
polluted, so that they have been included in the water footprint calculations. The total volume
of water use in the agricultural sector has been calculated in this study based on the total
volume of crop produced and its corresponding virtual water content. For the calculation of
the virtual water content of crop and livestock products we have used the methodology as
described in Chapagain and Hoekstra (2004). In summary, the virtual water content (m>/ton)
of primary crops has been calculated based on crop water requirements and yields. Crop water
requirement have been calculated per crop and per country using the methodology developed
by FAO (Allen et al., 1998). The virtual water content of crop products is calculated based on
product fractions (ton of crop product obtained per ton of primary crop) and value fractions
(the market value of one crop product divided by the aggregated market value of all crop
products derived from one primary crop). The virtual water content (m3/ton) of live animals
has been calculated based on the virtual water content of their feed and the volumes of
drinking and service water consumed during their lifetime. We have calculated the virtual
water content for eight major animal categories: beef cattle, dairy cows, swine, sheep, goats,
fowls/poultry (meat purpose), laying hens and horses. The calculation of the virtual water
content of livestock products is again based on product fractions and value fractions.

Virtual water flows between nations have been calculated by multiplying commodity trade
flows by their associated virtual water content:

VWF[n,,n;,c]=CT[n.,n;c]l x VWC|n,, c] )
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in which VWF denotes the virtual water flow (m*yr~!) from exporting country 7, to importing
country n; as a result of trade in commodity ¢; CT the commodity trade (ton yr~') from the
exporting to the importing country; and VWC the virtual water content (m> ton~!) of the
commodity, which is defined as the volume of water required to produce the commodity in
the exporting country. We have taken into account the trade between 243 countries for which
international trade data are available in the Personal Computer Trade Analysis System of the
International Trade Centre, produced in collaboration with UNCTAD/WTO. It covers trade
data from 146 reporting countries disaggregated by product and partner countries (ITC, 2004).
We have carried out calculations for 285 crop products and 123 livestock products. The virtual
water content of an industrial product can be calculated in a similar way as described earlier
for agricultural products. There are however numerous categories of industrial products with
a diverse range of production methods and detailed standardised national statistics related to
the production and consumption of industrial products are hard to find. As the global volume
of water used in the industrial sector is only 716 Gm3/yr (2210% of total global water use),
we have — per country — simply calculated an average virtual water content per dollar added
value in the industrial sector (m>/US$) as the ratio of the industrial water withdrawal (m3/yr)
in a country to the total added value of the industrial sector (US$ /yr), which is a component
of the Gross Domestic Product.

Water needs by product

The total volume of water used globally for crop production is 6390 Gm?/yr at field level. Rice
has the largest share in the total volume water used for global crop production. It consumes
about 1359 Gm?/yr, which is about 21% of the total volume of water used for crop production
at field level. The second largest water consumer is wheat (12%). The contribution of some
major crops to the global water footprint insofar related to food consumption is presented in
Figure 1. Although the total volume of the world rice production is about equal to the wheat
production, rice consumes much more water per ton of production. The difference is due
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Fig. 1 Contribution of different crops to the global water footprint
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to the higher evaporative demand for rice production. As a result, the global average virtual
water content of rice (paddy) is 2291 m?/ton and for wheat 1334 m3/ton.

The virtual water content of rice (broken) that a consumer buys in the shop is about
3420 m3/ton. This is larger than the virtual water content of paddy rice as harvested from the
field because of the weight loss if paddy rice is processed into broken rice. The virtual water
content of some selected crop and livestock products for a number of selected countries are
presented in Table 1.

In general, livestock products have a higher virtual water content than crop products. This
is because a live animal consumes a lot of feed crops, drinking water and service water in its
lifetime before it produces some output. We consider here an example of beef produced in an
industrial farming system. It takes in average 3 years before it is slaughtered to produce about
200 kg of boneless beef. It consumes nearly 1300 kg of grains (wheat, oats, barley, corn, dry
peas, soybean meal and other small grains), 7200 kg of roughages (pasture, dry hay, silage
and other roughages), 24 cubic meter of water for drinking and 7 cubic meter of water for
servicing. This means that to produce one kilogram of boneless beef, we use about 6.5 kg of
grain, 36 kg of roughages, and 1551 of water (only for drinking and servicing). Producing the
volume of feed requires about 153401 of water in average. With every step of food processing
we loose part of the material as a result of selection and inefficiencies. The higher we go up
in the product chain, the higher will be the virtual water content of the product. For example,
the global average virtual water content of maize, wheat and rice (husked) is 900, 1300 and
3000 m>/ton respectively, whereas the virtual water content of chicken meat, pork and beef
is 3900, 4900 and 15500 m>/ton respectively. However, the virtual water content of products
strongly varies from place to place, depending upon the climate, technology adopted for
farming and corresponding yields.

The units used so far to express the virtual water content of various products are in terms
of cubic meters of water per ton of the product. A consumer might be more interested to
know how much water it consumes per unit of consumption. One cup of coffee requires
for instance 1401 of water in average, one hamburger 24001 and one cotton T-shirt 20001
(Table 2).

The global average virtual water content of industrial products is 801 per US$ . In the
USA, industrial products take nearly 1001 per US$ . In Germany and the Netherlands, average
virtual water content of industrial products is about 501 per US$ . Industrial products from
Japan, Australia and Canada take only 10-15 1 per US$ . In world’s largest developing nations,
China and India, the average virtual water content of industrial products is 20-251 per US$ .

Water footprints of nations

The global water footprint is 7450 Gm?®/yr, which is 1240 m?/cap/yr in average. In absolute
terms, India is the country with the largest footprint in the world, with a total footprint of
987 Gm?/yr. However, while India contributes 17% to the global population, the people in
India contribute only 13% to the global water footprint. On a relative basis, it is the people
of the USA that have the largest water footprint, with 2480 m3/yr per capita, followed by
the people in south European countries such as Greece, Italy and Spain (2300-2400 m>/yr
per capita). High water footprints can also be found in Malaysia and Thailand. At the other
side of the scale, the Chinese people have a relatively low water footprint with an average of
700 m?/yr per capita. The average per capita water footprints of nations are shown in Figure 2.
The data are shown in Table 3 for a few selected countries.
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% Table 1 Average virtual water content of some selected products for a number of selected countries (m°/ton)

»

E- USA  China India  Russia Indonesia Australia Brazil Japan Mexico Italy Netherlands ~ World average™*

(7]

5]

" Rice (paddy) 1275 1321 2850 2401 2150 1022 3082 1221 2182 1679 2291
Rice (husked) 1656 1716 3702 3118 2793 1327 4003 1586 2834 2180 2975
Rice (broken) 1903 1972 4254 3584 3209 1525 4600 1822 3257 2506 3419
Wheat 849 690 1654 2375 1588 1616 734 1066 2421 619 1334
Maize 489 801 1937 1397 1285 744 1180 1493 1744 530 408 909
Soybeans 1869 2617 4124 3933 2030 2106 1076 2326 3177 1506 1789
Sugar cane 103 117 159 164 141 155 120 171 175
Cotton seed 2535 1419 8204 4453 1887 2777 2127 3644
Cotton lint 5733 3210 18694 10072 4268 6281 4812 8242
Barley 702 848 1966 2359 1425 1373 697 2120 1822 718 1388
Sorghum 782 863 4053 2382 1081 1609 1212 582 2853
Coconuts 749 2255 2071 1590 1954 2545
Millet 2143 1863 3269 2892 1951 3100 4534 4596
Coffee (green) 4864 6290 12180 17665 13972 28119 17373
Coffee (roasted) 5790 7488 14500 21030 16633 33475 20682
Tea (made) 11110 7002 3002 9474 6592 4940 9205
Beef 13193 12560 16482 21028 14818 17112 16961 11019 37762 21167 11681 15497
Pork 3946 2211 4397 6947 3938 5909 4818 4962 6559 6377 3790 4856
Goat meat 3082 3994 5187 5290 4543 3839 4175 2560 10252 4180 2791 4043
Sheep meat 5977 5202 6692 7621 5956 6947 6267 3571 16878 7572 5298 6143
Chicken meat 2389 3652 7736 5763 5549 2914 3913 2977 5013 2198 2222 3918
Eggs 1510 3550 7531 4919 5400 1844 3337 1884 4277 1389 1404 3340
Milk 695 1000 1369 1345 1143 915 1001 812 2382 861 641 990
Milk powder 3234 4648 6368 6253 5317 4255 4654 3774 11077 4005 2982 4602
Cheese 3457 4963 6793 6671 5675 4544 4969 4032 11805 4278 3190 4914
Leather (bovine) 14190 13513 17710 22575 15929 18384 18222 11864 40482 22724 12572 16656

“For the primary crops, world averages have been calculated as the ratio of the global water use for the production of a crop to the global production
volume. For processed products, the global averages have been calculated as the ratio of the global virtual water trade volume to the global product trade

volume.

or
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Table 2 Global average virtual water content of some selected products, per unit of product

Product Virtual water content (litres)
1 glass of beer (250 ml) 75
1 glass of milk (200 ml) 200
1 cup of coffee (125 ml) 140
1 cup of tea (250 ml) 35
1 slice of bread (30 g) 40
1 slice of bread (30 g) with cheese(10 g) 90
1 potato (100 g) 25
1 apple (100 g) 70
1 cotton T-shirt (250 g) 2000
1 sheet of Ad-paper (80 g/m?) 10
1 glass of wine (125 ml) 120
1 glass of apple juice (200 ml) 190
1 glass of orange juice (200 ml) 170
1 bag of potato crisps (200 g) 185
1egg (40g) 135
1 hamburger (150 g) 2400
1 tomato (70 g) 13
1 orange (100 g) 50
1 pair of shoes (bovine leather) 8000
1 microchip (2 g) 32

WFP(m3/caplyr)
[ 600 - 800
[ 800 - 1000

1000 - 1200
1200 - 1300
[ ]1300-1500
[ 11500 - 1800

1800 - 2100 s
2100 - 2500 S
No Data M

Fig.2 Average national water footprint per capita (m>/capita/yr). Green means that the nation’s water footprint
is equal to or smaller than global average. Countries with red have a water footprint beyond the global average

The size of the global water footprint is largely determined by the consumption of food
and other agricultural products (Figure 3). The estimated contribution of agriculture to the
total water use (6390 Gm>/yr) is even bigger than suggested by earlier statistics due to the
inclusion of green water use (use of soil water). If we include irrigation losses, which globally
add up to about 1590 Gm?/yr (Chapagain and Hoekstra, 2004), the total volume of water used
in agriculture becomes 7980 Gm?/yr. About one third of this amount is blue water withdrawn
for irrigation; the remaining two thirds is green water (soil water).

The four major direct factors determining the water footprint of a country are: volume of
consumption (related to the gross national income); consumption pattern (e.g. high versus
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1% Table 3

Composition of the water footprint for some selected countries. Period: 1997-2001

Use of domestic water resources

Use of foreign water resources

Crop evapotranspiration”

Industrial water withdrawal

For national consumption

Water footprint by consumption category

Domestic water

Agricultural goods

Industrial goods

Domestic For re-export ‘Water footprint Internal Internal External Internal External

water For national For national Agricultural Industrial ~ of imported _—__ water water water water water

withdrawal ~consumption For export consumption For export  goods goods products Total Per capita  footprint footprint footprint footprint footprint
Country Population (sz/yr) (Gmxlyr) (Gm3/yr) (Gm3/yr) (sz/yr) (Gmllyr) (Gmxlyr) (Gm“’/yr) (Gm3/yr) (m3/cap/yr) (milcap/yr) (m3/cap/yr) (mxlcap/yr) (m“*/cap/yr) (m3/cap/yr)
Australia 19071705 6.51 14.03 68.67 1.229 0.12 0.78 4.02 4.21 26.56 1393 341 736 41 64 211
Bangladesh 129942975 2.12 109.98 1.38 0.344 0.08 3.71 0.34 0.13 116.49 896 16 846 29 3 3
Brazil 169109675 11.76 195.29 61.01 8.666 1.63 14.76 3.11 5.20 233.59 1381 70 1155 87 51 18
Canada 30649675 8.55 30.22 52.34 11.211 20.36 1.74 5.07 22.62 62.80 2049 279 986 252 366 166
China 1257521250 33.32 711.10 21.55 81.531 45.73 49.99 7.45 5.69 883.39 702 26 565 40 65 6
Egypt 63375735 4.16 45.78 1.55 6.423 0.66 12.49 0.64 0.49 69.50 1097 66 722 197 101 10
France 58775400 6.16 47.84 34.63 15.094 12.80 30.40 10.69 31.07 110.19 1875 105 814 517 257 182
Germany 82169250 545 35.64 18.84 18.771 13.15 49.59 17.50 38.48 126.95 1545 66 434 604 228 213
India 1007369125  38.62 913.70 35.29 19.065 6.04 13.75 2.24 1.24 987.38 980 38 907 14 19 2
Indonesia 204920450 5.67 236.22 22.62 0.404 0.06 26.09 1.58 274 269.96 1317 28 1153 127 2 8
Ttaly 57718000 797 47.82 12.35 10.133 5.60 59.97 8.69 20.29 134.59 2332 138 829 1039 176 151
Japan 126741225 17.20 20.97 0.40 13.702 2.10 77.84 16.38 4.01 146.09 1153 136 165 614 108 129
Jordan 4813708 0.21 1.45 0.07 0.035 0.00 4.37 0.21 0.22 6.27 1303 44 301 908 7 43
Mexico 97291745  13.55 81.48 12.26 2.998 1.13 35.09 7.05 7.94 140.16 1441 139 837 361 31 72
Netherlands 15865250 0.44 0.50 2.51 2.562 220 9.30 6.61 52.84 19.40 1223 28 31 586 161 417
Pakistan 136475525 2.88 152.75 7.57 1.706 1.28 8.55 0.33 0.67 166.22 1218 21 1119 63 12 2
Russia 145878750  14.34 201.26 8.96 13.251 34.83 41.33 0.80 3.94 270.98 1858 98 1380 283 91 5
South Africa 42387403 243 27.32 6.05 1.123 0.40 7.18 1.42 2.10 39.47 931 57 644 169 26 33
Thailand 60487800 1.83 120.17 38.49 1.239 0.55 8.73 2.49 3.90 134.46 2223 30 1987 144 20 41
United Kingdom 58669403 221 12.79 3.38 6.673 1.46 34.73 16.67 12.83 73.07 1245 38 218 592 114 284
USA 280343325  60.80 334.24 138.96 170.777 4472 74.91 55.29 45.62 696.01 2483 217 1192 267 609 197
Global total/avg. 5994251631 344 5434 957 476 240 957 240 427 7452 1243 57 907 160 79 40

*Includes both blue and green water use in agriculture

o
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Fig. 3 Contribution of different consumption categories to the global water footprint, with a distinction
between the internal and external footprint

low meat consumption); climate (growth conditions); and agricultural practice (water use
efficiency). In rich countries, people generally consume more goods and services, which
immediately translates into increased water footprints. But it is not consumption volume
alone that determines the water demand of people. The composition of the consumption
package is relevant too, because some goods in particular require a lot of water (bovine meat,
rice). In many poor countries it is a combination of unfavourable climatic conditions (high
evaporative demand) and bad agricultural practice (resulting in low water productivity) that
contributes to a high water footprint. Underlying factors that contribute to bad agricultural
practice and thus high water footprints are the lack of proper water pricing, the presence
of subsidies, the use of water inefficient technology and lack of awareness of simple water
saving measures among farmers.

The influence of the various determinants varies from country to country. The water
footprint of the USA is high (2480 m®/cap/yr) partly because of large meat consumption per
capita and high consumption of industrial products. The water footprint of Iran is relatively
high (1624 m3/cap/yr) partly because of low yields in crop production and partly because
of high evapotranspiration. In the USA the industrial component of the water footprint is
806 m>/cap/yr whereas in Iran it is only 24 m>/cap/yr.

The aggregated external water footprints of nations in the world constitute 16% of the
total global water footprint (Figure 3). However, the share of the external water footprint
strongly varies from country to country. Some African countries, such as Sudan, Mali, Nigeria,
Ethiopia, Malawi and Chad have hardly any external water footprint, simply because they
have little import. Some European countries on the other hand, e.g. Italy, Germany, the UK
and the Netherlands have external water footprints contributing 50-80% to the total water
footprint. The agricultural products that contribute most to the external water footprints of
nations are: bovine meat, soybean, wheat, cocoa, rice, cotton and maize.

Eight countries — India, China, the USA, the Russian Federation, Indonesia, Nigeria,
Brazil and Pakistan — together contribute fifty percent to the total global water footprint.
India (13%), China (12%) and the USA (9%) are the largest consumers of the global water
resources (Figure 4).

Both the size of the national water footprint and its composition differs between countries
(Figure 5). On the one end we see China with a relatively low water footprint per capita, and on
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Fig. 4 Contribution of major consumers to the global water footprint
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Fig. 5 The national water footprint per capita and the contribution of different consumption categories for
some selected countries

the other end the USA. In the rich countries consumption of industrial goods has a relatively
large contribution to the total water footprint if compared with developing countries. The
water footprints of the USA, China, India and Japan are presented in more detail in Figure 6.
The contribution of the external water footprint to the total water footprint is very large in
Japan if compared to the other three countries. The consumption of industrial goods very
significantly contributes to the total water footprint of the USA (32%), but not in India
2%).

Conclusion

The global water footprint is 7450 Gm?/yr, which is in average 1240 m>/cap/yr. The differ-
ences between countries are large: the USA has an average water footprint of 2480 m>/cap/yr
whereas China has an average water footprint of 700 m3/cap/yr. There are four most im-
portant direct factors explaining high water footprints. A first factor is the total volume of
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Fig. 6 Details of the water footprints of the USA, China India and Japan. Period:
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consumption, which is generally related to gross national income of a country. This partially
explains the high water footprints of for instance the USA, Italy and Switzerland. A second
factor behind a high water footprint can be that people have a water-intensive consump-
tion pattern. Particularly high consumption of meat significantly contributes to a high water
footprint. This factor partially explains the high water footprints of countries such as the
USA, Canada, France, Spain, Portugal, Italy and Greece. The average meat consumption in
the United States is for instance 120 kg/yr, more than three times the world-average meat
consumption. Next to meat consumption, high consumption of industrial goods significantly
contributes to the total water footprints of rich countries. The third factor is climate. In re-
gions with a high evaporative demand, the water requirement per unit of crop production is
relatively large. This factor partially explains the high water footprints in countries such as
Senegal, Mali, Sudan, Chad, Nigeria and Syria. A fourth factor that can explain high water
footprints is water-inefficient agricultural practice, which means that water productivity in
terms of output per drop of water is relatively low. This factor partly explains the high water
footprints of countries such as Thailand, Cambodia, Turkmenistan, Sudan, Mali and Nigeria.
In Thailand for instance, rice yields averaged 2.5 ton/ha in the period 1997-2001, while the
global average in the same period was 3.9 ton/ha.

Reducing water footprints can be done in various ways. A first way is to break the seem-
ingly obvious link between economic growth and increased water use, for instance by adopt-
ing production techniques that require less water per unit of product. Water productivity in
agriculture can be improved for instance by applying advanced techniques of rainwater har-
vesting and supplementary irrigation. A second way of reducing water footprints is to shift
to consumptions patterns that require less water, for instance by reducing meat consumption.
However, it has been debated whether this is a feasible road to go, since the world-wide
trend has been that meat consumption increases rather than decreases. Probably a broader
and subtler approach will be needed, where consumption patterns are influenced by pricing,
awareness raising, labelling of products or introduction of other incentives that make people
change their consumption behaviour. Water costs are generally not well reflected in the price
of products due to the subsidies in the water sector. Besides, the general public is — although
often aware of energy requirements — hardly aware of the water requirements in producing
their goods and services.

A third method that can be used — not yet broadly recognized as such —is to shift production
from areas with low water-productivity to areas with high water productivity, thus increasing
global water use efficiency (Chapagain et al., 2005a). For instance, Jordan has successfully
externalised its water footprint by importing wheat and rice products from the USA, which
has higher water productivity than Jordan.

The water footprint of a nation is an indicator of water use in relation to the consumption
volume and pattern of the people. As an aggregated indicator it shows the total water require-
ment of a nation, a rough measure of the impact of human consumption on the natural water
environment. More information about the precise components and characteristics of the total
water footprint will be needed, however, before one can make a more balanced assessment
of the effects on the natural water systems. For instance, one has to look at what is blue
versus green water use, because use of blue water often affects the environment more than
green water use. Also it is relevant to consider the internal versus the external water foot-
print. Externalising the water footprint for instance means externalising the environmental
impacts. Also one has to realise that some parts of the total water footprint concern use of
water for which no alternative use is possible, while other parts relate to water that could
have been used for other purposes with higher added value. There is a difference for instance
between beef produced in extensively grazed grasslands of Botswana (use of green water
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without alternative use) and beef produced in an industrial livestock farm in the Netherlands
(partially fed with imported irrigated feed crops).

The current study has focused on the quantification of consumptive water use, i.e. the
volumes of water from groundwater, surface water and soil water that evaporate. The effect
of water pollution was accounted for to a limited extent by including the (polluted) return
flows in the domestic and industrial sector. The calculated water footprints thus consists of
two components: consumptive water use and wastewater production. The effect of pollution
has been underestimated however in the current calculations of the national water footprints,
because one cubic metre of wastewater should not count for one, because it generally pollutes
much more cubic metres of water after disposal (various authors have suggested a factor of
ten to fifty). The impact of water pollution can be better assessed by quantifying the dilution
water volumes required to dilute waste flows to such extent that the quality of the water
remains below agreed water quality standards. We have shown this in a case study for the
water footprints of nations related to cotton consumption (Chapagain et al., 2005b).

International water dependencies are substantial and are likely to increase with continued
global trade liberalisation. Today, 16% of global water use is not for producing products
for domestic consumption but for making products for export. Considering this substantial
percentage and the upward trend, we suggest that future national and regional water policy
studies should include an analysis of international or interregional virtual water flows.
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Abstract Water management is facing major challenges due to increasing uncertainties
caused by climate and global change and by fast changing socio-economic boundary condi-
tions. More attention has to be devoted to understanding and managing the transition from
current management regimes to more adaptive regimes that take into account environmental,
technological, economic, institutional and cultural characteristics of river basins. This implies
a paradigm shift in water management from a prediction and control to a management as
learning approach. The change towards adaptive management could be defined as “learning
to manage by managing to learn”. Such change aims at increasing the adaptive capacity of
river basins at different scales. The paper identifies major challenges for research and practice
how to understand a transition in water management regimes. A conceptual framework is
introduced how to characterize water management regimes and the dynamics of transition
processes. The European project NeWater project is presented as one approach where new
scientific methods and practical tools are developed for the participatory assessment and
implementation of adaptive water management.

Keywords Adaptive water management - Social learning - Transition processes -
Water management regimes - Global change

1. Introduction — Challenges for water management

Sustainable water management has become an issue of major concern over the past decade.
It has become increasingly clear that the pressing problems in this field have to be tackled
from an integrated perspective taking into account environmental, human and technological
factors and in particular their interdependence. To emphasize the need for adopting an inte-
grated approach the notion of “water system” is introduced encompassing all environmental
factors of the resource base, technologies and human beings. The term water system has
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been developed and defined for the global scale in the context of the global water system
project (Box 1). The different “components” cannot be understood in isolation. Technical
systems are perceived as part of the human component. Technologies are embedded in a
network of social routines that link technologies to their function to achieve the overall
management objectives. This area of research has not yet received sufficient attention since
often technical systems have been studied and developed in isolation from their social con-
text. Such negligence may lead to failures in the introduction of new technologies in water
management when the influence of cultural factors and social relationships prevail. One
needs to better understand the interdependence and co-evolutionary development of man-
agement objectives and paradigms, environmental characteristics, technologies and social
routines.

Box 1. Definition of Water Systems in the GWSP Science Plan (Framing Committee, 2004)

As a working definition, we define the global water system as the global suite of water re-
lated human, physical, biological, and biogeochemical components and their interactions.
These components include:

1. Human components — These are the sum of water-related organizations, engineering
works, and water use sectors. Society is both a component of the global water system
and a significant agent of change within the system.

2. Physical components — These are the physical attributes and processes of the traditional
global hydrologic or water cycle, including runoff, geomorphology, and sediment pro-
cesses.

3. Biological and biogeochemical components — This category includes the sum of aquatic
and riparian organisms and their associated ecosystems and biodiversity. These organ-
isms are also integral to the geochemical functioning of the global water system and not
simply recipients of changes in the physico-chemical system. Hence we also include
here the biogeochemistry of the global water system and water quality.

Water management is a purposeful activity with multiple and partly conflicting goals to
maintain and improve the state of water resources. Water as a resource must be allocated
among competing uses. In many areas the available water is polluted and hence cannot be used
for many purposes or requires expensive treatment. An uncontrolled urbanization and fast
industrialization in developing and threshold countries contribute to exacerbate the pressure
on the water resource. Technologies and knowledge are in most cases available in general
but the implementation into practical action is slow. The importance of environmental flows
needs has received more attention over the past years. Environmental flows refer not only to
the absolute amount of water available for ecosystem water needs but to the spatio-temporal
distribution of quantity and quality of water flows that are of key importance to maintain
the integrity of riverine ecosystems and preserve their ability to provide services valuable to
humans (Dyson et al., 2003).

Dealing with extremes has always been one of the major challenges for water management.
Natural water supply varies over time and some variability can be compensated by the
buffering capacity inherent in the water system such as natural storage or adaptation in
water use patterns. Technical facilities have been used to extend the capacity of the water
system to cope with extremes. Large-scale technical infrastructure has been implemented
to shield human activities from the variability of the resource. Reservoirs, water diversions
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and artificial storage are used to enhance the resource base in case of droughts. Dikes and
levees were built to protect settlements from floods in case of excess precipitation. However,
the limitations of the ability to control extremes by technical means have become very
clear during weather extremes occurring over the past years. The extreme flood of the Elbe
in 2002 was followed by a century drought and heat wave in 2003 in Europe where dikes
broke due to excess dryness of the building material. Such events have triggered an increasing
awareness of water managers for the possible challenges posed by global and climate change.
It becomes more and more difficult to predict probabilities for weather extremes which are
fundamental for the current strategy to deal with risks. Improving our understanding of the
likelihood of extreme events based on experience derived from historical records does not
tell us much about the likelihood of extremes in the future given the uncertainties caused
by climate change. It has become even more difficult to quantify potential damages caused
by weather extremes. As a consequence of taking into account the true complexity of water
systems at different scales and an increase in uncertainty, radical changes are needed in water
management:

— Move from technical management to a true integration of the human dimension.
— Make management more adaptive and flexible to make it operational under fast changing
socio-economic boundary conditions and climate change.

This poses considerable challenges to the tradition of water management characterized by
a prediction-and-control approach and an emphasis on technical solutions. To face those
challenges adaptive water management under uncertainty is advocated as a timely extension
of water management and a requirement to really move towards IWRM (Pahl-Wostl et al.,
2004). The guiding principle of this paper is that water management has to become more
adaptive but that the major obstacle is to understand and manage the transition process given
the high inter-connectedness and complexity of riverine water systems. Hence the attention
will be devoted to the processes of change. First adaptive water management as used in
this paper will briefly be characterized. Then concepts are developed which are required to
analyse and understand water management regimes and their transformation.

2. Adaptive water management

The idea of adaptive management has been discussed in ecosystem management for quite
some time (Holling, 1978; Walters, 1986; Pahl-Wostl, 1995; Lee, 1999). It is based on the
insight that the ability to predict future key drivers influencing an ecosystem, as well as
system behaviour and responses, is inherently limited. Hence management must be adaptive
and include the ability to change management practices based on new experience and in-
sights. Adaptive management refers thus to a systematic process for continually improving
management policies and practices by learning from the outcomes of implemented man-
agement strategies. The most effective form of adaptive management employs management
programs that are designed to experimentally compare selected policies or practices, by eval-
uating alternative hypotheses about the system being managed (e.g. Gunderson, 1999; Kiker
et al., 2003; Richter et al., 2003). This implies that hypotheses can be generated and that the
outcomes of experiments allow distinguishing between different hypotheses. This is a very
positivistic approach and the reality of complex socio-ecological systems may not allow such
unambiguous conclusions. Learning may be also based on a more inductive approach where
insights are derived from new information and dynamic hypotheses guide reasoning and
structured argumentation. The generation of dynamic hypotheses embedded in a collective
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learning process should also sharpen the awareness to be prepared for the unexpected. As
Bormann et al. (1994) defined it “Adaptive management is learning to manage by managing
to learn”. Adaptive management has as one target to increase the adaptive capacity of the
(water) system. Adaptive capacity can be defined as the potential or capability of a system to
adjust, via changes in its characteristics or behaviour, so as to cope better with existing and
future stresses. More specifically, adaptive capacity refers to “the ability of a socio-ecological
system to cope with novelty without losing options for the future” (Folke et al., 2002) and
“that reflects learning, flexibility to experiment and adopt novel solutions, and development
of generalized responses to broad classes of challenges” (Walker ef al., 2002).

Increasing the adaptive capacity of water systems implies thus integrated system design
which may range from the introduction of new socio-technical systems to building social
capital in an actor network to restoring a multi-functional landscape. The problem to be
tackled is to increase the ability of the whole system to respond to change rather than reacting
to undesirable impacts of change. It is a pro-active management style that must be based on
a sound understanding of what determines a basin’s adaptive capacity and vulnerability. The
difference between prevailing and adaptive management approaches can be illustrated for
the example of dealing with extremes.

Socio-ecological systems can cope with a certain variability of climate (e.g. precipita-
tion) on diurnal, seasonal and annual time scales without major detrimental impacts on
function. In the current management approach human activities are shielded from environ-
mental variability by technical precautions. The boundaries of maintaining system function
despite environmental variability are pushed to their extremes. Reservoirs maintain the sup-
ply of water in case of droughts and dams protect settlement from flooding. Investments
in protective measures are often based on a quantitative assessment of risks. The costs for
an investment at present are compared to the expected costs for damage (probability of an
extreme event*damage costs caused by the extreme event) over a certain time period in the
future. How much people are willing to invest to protect themselves from damage depends
on their risk aversion and on the rate they apply to discount the costs for future damage.
The damage is not a natural given but depends on the ability of the current system to cope
with extremes. The whole management approach is caught in a positive feedback loop that
even increases the vulnerability of the water system to extreme events: given the fact that
technical infrastructure is implemented to shield the water system from extremes, less pre-
cautions are taken elsewhere to cope with extremes (e.g. settlements in former floodplains,
high population densities with large water demand in drought areas). The damage in case of
technical failure increases which puts an even higher pressure on implementing even larger
infrastructure. If extremes exceed the protective capability of the technical infrastructure the
damage may be disastrous. Hence there is a sharp threshold separating complete protection
from disaster.

The first step in the adaptive approach aims at increasing the ability of the water system
to operate under a wider range of environmental variation. Technical infrastructure is not
designed to entirely shield the system from environmental variability but socio-technical
means are implemented to allow maintaining a water system’s functionality despite its being
exposed to environmental variation. This may imply for example that instead of building
larger reservoirs to maintain supply in case of drought, management of demand is used
to reduce and/or shift the requirements of certain water uses if supply is scarce. Regarding
floods one may introduce multi-functional landscapes with restored floodplains and temporal
flooding zones. In the long-term, adaptive management needs to establish the ability to change
system structure — e.g. change to other types of crops and change life-styles or the allocation
of water quota to certain uses. System design must aim at implementing water systems with
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Fig.1 Adaptive management represented in an extended PSIR (Pressure-State-Impact-Response) framework
— system design to increase the ability of the system to cope with change — R as part of the autonomous
response strategies. The whole process has to be perceived as being iterative and proceed in cycles in contrast
to the quite linear and sequential approach that is often adopted when using the PSIR scheme. The boxes
indicate the type of variables and processes that are of importance

inherent degrees of freedom to adapt at a range of spatial and temporal scales in iterative
learning cycles. Figure 1 summarizes this schematically in the so-called PSIR framework.
The figure emphasizes the cyclic nature of the process to make the distinction to the quite
common linear approaches in using the PSIR approach.

What is the type of mechanisms one has to put in place to increase the ability of the system
to “learn”? To answer this question one needs to develop a better base to understand what
determines the ability of a water system to change and adapt.

3. Requirements for the ability of a “water system” to adapt

For a system to be able to adapt to change or to be prepared for uncertain future change the
following two aspects are key requirements:

— new information must be available to the system and the system must be able to process
this information,
— the system must have the ability to change based on processing new information.

Itis assumed here that an improved understanding of water systems and their adaptive capacity
has to be based on the notion of complex adaptive systems (CAS) which by their definition
have a high adaptive capacity (Pahl-Wostl, 1995; in press):

A CAS is a complex, nonlinear, interactive system which has the ability to adapt to a
changing environment. Such systems are characterized by the potential for self-organization,
existing in a nonequilibrium environment. CAS derive their adaptive capacity from their
multi-level, modular structure. The system elements are diverse in both form and capabil-
ity and they adapt by changing their rules of interactions and, hence, behaviour, as they
gain experience. Complex, adaptive systems evolve, meaning their past or history, i.e., their
experience, is added onto them and determines their future trajectory.

Complex adaptive systems are characterized by self-organization and distributed control.
Adaptation is not controlled by a central unit. Distributed control has proved to be efficient
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and flexible in allocating resources to many users (e.g. ecosystems, markets). Such adaptive
behaviour has implications for the response to change and for the development of management
and intervention strategies. To use such understanding as base for the improved design of
water management regimes, one needs to identify the essential elements of water systems
and their interaction. Here it is useful to first develop a definition of what is understood by a
water management regime and its main components.

A management regime is here referred to as the whole complex of technologies,
institutions,! environmental factors and paradigms that are highly interconnected and to-
gether form the base for the functioning of the management system targeted to fulfil a soci-
etal function. The different components of a management regime have co-evolved over time.
Due to the resulting high interconnectedness and internal logic, it is assumed that individual
elements of the regime cannot be exchanged arbitrarily.

A water management regime is characterized first of all by its societal function:

In general, the key objectives of water management are the allocation of water for multiple
uses taking into account different requirements for water quality and the spatio-temporal
variability of both supply and demand. Sustainable management implies that the pillars of
social equity, economic efficiency and environmental sustainability are all taken into account.
Water management has also to provide protection from water related risks.

Water management regimes are characterized by structural dimensions that form an inte-
gral part of a regime. One could conceive of more than one possible approach to categorize
these dimensions. The following is one attempt to do so — its overall usefulness has yet to be
proven in more practical applications:

e Management Paradigms of system approach and intervention strategies including risk
management approaches.
e Governance:

—Institutions (formal legal structures and informal norms), horizontal and vertical interplay
and fit with physical boundaries,
— Actor networks (role, linkages) and policy arenas.

e Scale(s) of operation — vertical (local, regional, national) and horizontal (sectoral) integra-
tion.

e Information management and sharing.

e Technological infrastructure — size, life-time, costs.

e Risk management.

e Environmental factors taken into consideration.

Table 1 gives an overview of the typical characteristics of current regimes and of what are
considered to be typical characteristics of integrated, adaptive regimes.

The most widely spread water management regime can be described as a “prediction
and control” regime (Pahl-Wostl, 2002; Moberg and Galaz, 2005). The system’s approach
is derived from a mechanistic thinking. System behaviour and response can be predicted
and optimal control strategies can be designed. Decision making is shaped by regulatory
frameworks including technical norms and legal prescriptions.

Information needs are defined by technical experts. The main data collection and reg-
ular monitoring focuses on the state of the environment. Knowledge is not shared and

! Institutions refer to the formal (e.g. laws) and informal (e.g. norms) rules and decision making practices that
determine the behaviour and roles of actors. Institutions do not include the material entities that are referred
to as organizations.
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Table 1 Comparison between current and an integrated, adaptive regime water management regimes

Prediction and control regime

Integrated, adaptive regime

Management paradigm

Governance

Sectoral integration

Scale of analysis and operation

Information management

Infrastructure

Finances and risk

Environmental factors

Prediction and control based on
a mechanistic system’s
approach

Centralized, hierarchical,
narrow stakeholder
participation

Sectors separately analysed
resulting in policy conflicts
and emergent chronic
problems

Transboundary problems
emerge when river
sub-basins are the exclusive
scale of analysis and
management

Understanding fragmented by
gaps and lack of integration
of information sources that
are proprietary

Massive, centralized
infrastructure, single sources
of design, power delivery

Financial resources
concentrated in structural
protection (sunk costs)

Quantifiable variables such as
BOD or nitrate
concentrations that can be
measured easily

Learning and self-organization
based on a complex systems
approach

Polycentric, horizontal, broad
stakeholder participation

Cross-sectoral analysis
identifies emergent problems
and integrates policy
implementation

Transboundary issues
addressed by multiple scales
of analysis and management

Comprehensive understanding
achieved by open, shared
information sources that fill
gaps and facilitate integration

Appropriate scale,
decentralized, diverse
sources of design, power
delivery

Financial resources diversified
using a broad set of private
and public financial
instruments

Qualitative and quantitative
indicators of whole
ecosystem states and
ecosystem services

communication with stakeholder and interest groups is mainly by passive channels (cf. re-
views and case studies in Timmerman and Langaas, 2003). Technological infrastructure
relies mainly on large-scale infrastructure (dams, reservoirs, centralized waste water treat-
ment plants) supposed to guarantee long-term stability and reliability and a higher efficiency
in implementation, maintenance and operation than de-centralized small-scale structures.
Due to long-life times and large sunk costs, change is largely impossible once a certain in-
frastructure is in place. In current water management regimes responsibilities are fragmented
with little interaction between areas such as flood protection, regional planning, waste water
treatment, water supply or hydropower generation. This allows for a high specialization of
dealing with a single problem but prevents integration and also prevents change and learn-
ing. The environmental factors taken into consideration refer mainly to quantifiable variables
characterizing system states such as BOD or nitrate concentrations that can be easily and
unambiguously measured.

It is evident that current management regimes include only very limited possibilities to
introduce change based on new insights — high flexibility was not a design criterion. On one
hand decision making structures are inflexible. On the other hand the type of long-lived,
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large-scale and expensive infrastructure leaves little opportunities for adjustments. In addi-
tion, criteria for getting the dimensions of technical infrastructure have often been based
on designing capacity to deal with extremes. Large-scale water supply capacity has been
designed to meet daily peak demand which implies the need to provide accurate forecast for
demand extremes for decades (Tillman et al., 2005).

To overcome the shortcomings of current approaches, Gleick (2003) advocated a “soft
path” to build greater flexibility in water management regimes to address the rising uncertainty
from global change: “A transition is under way to a ‘soft path’ that complements centralized
physical infrastructure with lower cost community-scale systems, decentralized and open
decision-making, water markets and equitable pricing, application of efficient technology,
and environmental protection.”

Given the very plausible assumption that elements of a water management regime are
closely linked within an internal logic, this claim by Gleick implies a fundamental shift
in the water management paradigm: the paradigm of “management as control” has to be
replaced by “management as learning”. The right column in Table 1 outlines the expected
characteristics of an adaptive and integrated water management regime. Further in depth in-
vestigations are required to provide a sound base to understand under which socio-economic,
cultural, technological and environmental conditions these characteristics result really in a
more adaptive regime. First analyses conducted within the context of the NeWater project
provide clear evidence that in some countries in Europe a transition has already started
(Huitema and Becker, 2005). But change is slow and will require many instances of social
learning in the process of change and in adaptive management itself.

4. The importance of processes of social learning
4.1. What is social learning?

Social learning in river basin management refers to developing and sustaining the capacity
of different authorities, experts, interest groups and the public to manage their river basins
effectively. Collective action and the resolution of conflicts require that people recognize their
interdependence and their differences and learn to deal with them constructively. The different
groups need to learn and increase their awareness about their biophysical environment and
about the complexity of social interactions.

4.2. Why is social learning needed in the transition to adaptive water management?

As pointed out previously, technical infrastructure (e.g. large technical infrastructure for flood
protection), citizen behaviour (expectations regarding safety in floodplains, risk perception)
and habits, and engineering rules of good practice are often mutually dependent and stabilize
each other. In many cases they have co-evolved over a long period of time. Hence one observes
so-called lock-in situations with the effect that changes towards new resource management
schemes are blocked and require collective learning and decision making processes (Pahl-
Wostl, 2002).

A new concept for social learning in river basin management has been developed in the
context of the European project HarmoniCOP? (Harmonizing COllaborative Planning). The

2 More information on the HarmoniCOP project is available on the webpage — www.harmonicop.info. The main
objectives of HarmoniCOP have been to increase the understanding of participatory river basin management
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Fig. 2 Conceptual framework for social learning in resources management. Information and communication
technology tools may play a decisive role in supporting and shaping relational practices that link social
involvement and content management. This implies also a new role for simulation models in such processes

approach adopted by the HarmoniCOP project is characterized by a broad understanding
of social learning that is rooted in the more interpretative strands of the social sciences.
Figure 2 represents the framework for social learning developed to account for learning
processes in water resources management (Bouwen and Taillieau, 2004, Craps et al., 2003;
Pahl-Wostl, 2002, in press). The framework is structured into context, process and outcomes
and a feedback loop to account for change in a cyclic and iterative process. The context refers
the governance structure and the natural environment in a river basin. To improve the state of
the environment implies in practice implies most often a change in the governance structure.
Social learning is assumed to occur at two levels — on short to medium timescales at the level
processes between actors and on medium to long timescales at the level the change in the
governance structure.

The process concept referring to multi-party interactions in actor networks has two pil-
lars (Figure 2). They relate to the processing of factual information on a problem (content
management) and engaging in processes of social exchange (social involvement). Social
involvement refers to essential elements of social processes such as the framing of the prob-
lem, the management of the boundaries between different stakeholder groups, the type of
ground rules and negotiation strategies chosen or the role of leadership in the process. This
concept has as central hypothesis that the management of content and the social involvement
are strongly interdependent and cannot be separated and that ICT tools play an important
role. The overall process leads to both technical qualities such as the improvement of the
state of the environment and to relational qualities such as an increase in the capacity of a
stakeholder group to manage a problem and/or institutional change. This leads as well to a
different interpretation of the role of information and the ability of an actor network to use new

in Europe, to generate practically useful information about and improve the scientific base of social learning
and the role of ICT tools in river basin management and support the implementation of the European Water
Framework Directive).
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information in social learning processes and derive based on it collective action. Such learn-
ing environments are perceived to be crucial for the adaptive governance of socio-ecological
systems (Folke et al., 2005; Pahl-Wostl, 2005). Hence, an entirely new element of monitor-
ing refers to the quality of the communication process in actor networks, the appropriateness
of a chosen institutional setting. Social learning is assumed to be crucial for the transition
towards and for sustaining adaptive management practices which supports the statement of
Bormann et al. (1994) “Adaptive management is learning to manage by managing to learn”.
However, the understanding of processes of social learning has to be embedded in a wider
context of understanding the overall dynamics of a transition towards adaptive management
and to understand all transformation processes required for change.

5. The dynamics of the transition

The concept developed here makes use of recent work on socio-technical transitions, an active
area of research building strongly on complex systems and evolutionary approaches. In order
to understand change and transitions it is useful to distinguish the following three levels
(macro-meso-micro) of a system (Pahl-Wostl, 1995; Geels, 2001; Rotmans et al., 2002):

e The Landscape or macro-level with stabilizing factors that constitute the context for a
water management regime. The landscape encompasses e.g. environmental variability, legal
frameworks, deeply rooted societal norms and cultural values. The landscape provides the
context and also the selection environment within which a management regime unfolds.
The landscape level must not be entirely independent from the micro and meso level since
feedback processes can operate bottom-up (e.g. diffusion of innovation) and top-down (e.g.
selection of regime).

e The management regime or meso-level with stabilizing interdependencies between the
elements as described in section three.

e The niches or micro-level where innovative approaches can develop in a locally protected
environment (e.g. large scale research projects, subsidized pilot studies) and/or in new areas
of application such as the restoration of riverine landscapes that has started to become an
integral part of water resources management.

The distinction between macro-meso- and micro level is quite common for complex adaptive
systems. The dynamics of transitions are assumed to follow the typical sigmoid-shaped curve
of change between alternative stable states in feedback systems where after an initial slow
phase where change has to be supported by external input, change becomes autonomous due
to positive feedback until a new stable configuration is reached. The innovative contribution
of recent advances in transition research is the attempt to make this approach operational
for understanding socio-technical change in strongly interconnected socio-technical systems.
Further research efforts are still needed to understand transitions in strongly interconnected
human-technology-environment systems.

The understanding of the causes and dynamics of transition processes is still limited.
Nevertheless one can identify some clear indications that a transition process has started in
water management. The landscape in general provides a stabilizing context for a management
regime but it may also impose a pressure on it if the landscape changes and existing regimes
cannot adapt. The latter is currently the case for water management with respect to global and
climate change and the overall increase in the dynamics of socio-economic developments.
The increased awareness for the complexity of systems and for management as learning rather
than control seems to be an overall trend in different fields (Senge, 1990; Pahl-Wostl, 1995,
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2004; Levin, 1998; Hartvigsen et al., 1998; Berkes et al., 2002). On one hand the systems to
be managed and the problems to be tackled have become indeed more complex. The pace of
change in socio-economic conditions and technologies is tremendous. Uncertainties arising
from global change in general and climate change in particular pose major challenges for the
management of environmental resources. On the other hand the awareness for the need to
take the complexity of problems fully into account has increased and the frame of analysis
has partly changed.

The introduction of the European Water Framework Directive constitutes a major change
in context for water resources management in Europe. However, in comparison to other
areas, environmental resources management, in general, and water resources management, in
particular, has been quite slow in adopting such changes. Galaz (2005) analysed, for example,
the current realization of the WFD in Sweden and concluded that it might at worst reduce the
resilience of nested social-ecological freshwater-systems, the capacity of freshwater systems
to deal with change and perturbations. According to his analyses learning processes are not
stimulated, water management institutions disregard complexity and uncertainty and water
policy is poorly prepared to tackle global environmental change. One possible reason for this
lack of innovation is the strong interdependence of the factors stabilizing current management
regimes. One cannot, for example, move easily from top-down to participatory management
practices without changing the whole approach to information and risk management. Hence,
research is urgently needed to better understand the interdependence of key elements of
water management regimes and the dynamics of transition processes in order to be able
to compare and evaluate alternative management regimes and to implement and support
transition processes if required.

6. The NeWater project

The challenges of understanding the transition towards adaptive water management is tackled
in a European project: NeWater? (New methods for adaptive water management under uncer-
tainty). The project develops a conceptual framework for understanding and a comprehensive
methodology for analysing and implementing transitions to adaptive water management. In-
vestigations are performed in a number of case studies in Europe, Africa and Central Asia.
Emphasis is given to the assessment of key drivers of global change and the vulnerability of
river basins.

To understand the “Transition to Adaptive Management” new concepts and methods are
developed for understanding and implementing the transition from current practices to more
adaptive management to increase the adaptive capacity of river basins and thereby reducing
their vulnerability to global change. Currently, the hypothesis is tested that one can identify
a finite number of typical water management regimes and typical transition pathways based
on understanding the interdependence and the role the key factors — management paradigms,
governance, information management, scale of operation and integration, technical infras-
tructure and environmental factors. Emphasis is given to investigate the influence of key
drivers such as climate change or ecosystem water requirements on the vulnerabilities and
adaptive capacity of river basins and to develop practical toolkits to set the baseline for
understanding the priorities to be addressed by adaptive management strategies. Case study
research emphasizes stakeholder processes and coordinates empirical research in the selected

3 The NeWater project (www.newater.info) is an Integrated Project in FP 6 of the EU with 12 Mio Euro EU
funding over 4 years (January 2005 — December 2008).
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river basins to generate input to the development of new concepts and methodologies and
to provide a test bed for their plausibility and applicability under different environmental
and societal conditions. The case studies in the Rhine, Elbe, Tisza, Guadiana, Amudarya,
Nile and Orange basins were chosen to provide a rich base of empirical knowledge covering
different environmental, institutional, cultural and economic settings. Specific emphasis is
given to the development of tools and guidance for practitioners based on new conceptual
insights, experience collected in the basins and the needs from ongoing policy processes,
in particular the European Water Framework Directive* and the European Water Initiative.’
Research activities and developments of guidance for practitioners pay much attention to
integrating results from previous and ongoing EU projects and to engaging in an intensive
dialogue with the wider community of IWRM experts. International Platforms have been es-
tablished as link to relevant European activities and ongoing policy processes. The platforms
provide immediate feedback from and to policy processes.

NeWater devotes much attention to achieve a true integration between social, natural and
engineering sciences and to bridge the science policy gap. Despite many efforts in recent
years, there is still a huge gap between the social and the natural/engineering sciences.
Whereas more formal approaches such as decision theory have started to be integrated, more
qualitative approaches in the social sciences are still neglected. NeWater addresses the strong
need to bridge the “hard” and “soft” approaches in systems analysis.

Soft systems approaches take into account that reality is partly socially constructed and
that an understanding of subjective perceptions and the collective framing of a problem
situation are essential to deal with complex environmental problems and management tasks
(Checkland, 1999; Walker et al., 2002; Pahl-Wostl, 2002a, 2004). Hard systems approaches
emphasize the need for factual analysis and “objective” and “hard” decision criteria. It may be
highly misleading and even detrimental to achieving sustainable resources management if one
relies on hard systems approaches in situations where uncertainties in the factual knowledge
base are high and conflicts about values and management objectives are substantial. This is
where social learning comes into play.

The promise of applying systems science as a bridge between hard and soft systems
approaches is realized as all stakeholders join to review technologies, policies, underlying
assumptions and worldviews and re-assess the main goals and questions on which policies
and practice are based. This allows participants recurring chances to correct the hypotheses,
policies, action plans, and measuring tools (such as indicators) in a transparent and cyclic
process. Systems methods help people see what they normally do not consciously think about
or discuss in an open forum: feedback loops with complex interactions and delays that create
long and mid-term impacts (e.g. unexpected effects of flood protection policies as outlined
before), expectations they hold about other people’s behaviour and framing of the context
into which they embed the problem under investigation. Such a dialogue is greatly facilitated
by qualitative and quantitative modeling. The transition to adaptive management requires
that stakeholders grasp how the system behaviour emerges from structure and the underly-

4 The European Water Framework Directive adopted October 2000 prescribes to all member states of the
European Union to achieve a good water status of all European waters (art. 1 and 4 of the WFD) by 2015. It
requires to develop and implement river basin management plans and to include stakeholders and the public
into this process (europa.eu.int/comm/environment/ water/water-framework/index_en.html).

5 The European Water Initiative supports the Johannesburg development goals to half the number of people
without access to safe water and basic sanitation by 2015 and to generalise the adoption and practice of
integrated river basin approaches based on knowledge and innovation (europa.eu.int/comm/research/ water-
initiative/index_en.html).

@ Springer



Water Resour Manage (2007) 21:49-62 61

ing worldviews. These methods help in that transition by exposing links between natural,
economic and social processes that may sometimes be counterintuitive. Hence, NeWater
aims as well at promoting innovation in research approaches in order to be able to analyse
and understand human-technology-environment systems.

7. Conclusions and outlook

The paper summarizes arguments supporting the need for a change in current water manage-
ment practices towards more adaptive and flexible approaches. The hypothesis is stated that
change is impeded due to the strong interconnectedness of factors stabilizing current wa-
ter management regimes. A couple of promising developments suggest that one can expect
major breakthroughs in the understanding of water management regimes and the dynam-
ics of transition processes over the next years which would provide tools for analysis and
methods for assessing and implementing management regimes adapted to the environmental,
technical, institutional, cultural and socio-economic context. Breakthroughs in both research
and practical implementation require processes of social learning which include changes in
the role of different stakeholder groups and in the framing of current water management
problems.

The considerations in previous sections have been made without giving much attention
to the scale of intervention. Whereas historical water management has been local, modern
IWRM approaches are based on river catchments (watersheds) as scale for water manage-
ment based on the boundaries of the hydrological unit. There are strong indications that one
has even to adopt a global perspective to understand water management problems and to
derive appropriate response strategies for their management (Vorosmarty et al., 2004). The
research approach outlined in this paper will provide a sound base for a comparative analysis
of management regimes of river basins at global scale and will thus provide a base for under-
standing the adaptive capacity of the global water system, one of the key research questions
to be addressed under the umbrella of the Global Water System Project (www.gwsp.org).
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Abstract There is currently debate within the international hydrological community on
whether hydrological science should give priority to providing measurements, knowledge,
and understanding pre-determined as being needed by stakeholders, or priority to more basic
enquiry-driven science that will stimulate the continued health and growth of hydrology as
an important Earth science discipline. Two recent major international initiatives in hydrol-
ogy reflect these two perspectives. One, the Hydrology for the Environment, Life, and Policy
(HELP) program, is primarily fostered by UNESCO-IHP and is focused on stimulating the
stakeholder-driven hydrological science required in specific catchments that have become
members of a global network. The second, the decade on Prediction in Ungauged Basins
(PUB), which is appropriately managed by IAHS, is primarily driven by scientific enquiry
and is focused on creating new scientific methods and understanding, albeit with practi-
cal application ultimately in mind. This paper summarizes the nature, origins, growth, and
progress of these two international programs but also describes the subtly different approach
that has been adopted by the U.S. National Science Foundation’s (NSF’s) Center for Sus-
tainability of semi-Arid Hydrology and Riparian Areas (SAHRA). NSF is a federal agency
whose primary goal is to “enable the future” by stimulating novel science. Because SAHRA
is a federally-funded entity supported by an agency with this goal, the Center clearly can-
not operate in stakeholder-driven, response mode in competition with the already effective
private U.S. consultancy industry. Nonetheless, SAHRA’s mission is to create knowledge
and build understanding that will enhance the prospects of sustainable water management in
semi-arid regions, especially the southwestern U.S. To resolve this apparent conflict, SAHRA
looks ahead to future stakeholder needs and builds its research agenda around selected critical
stakeholder-relevant questions that require substantial and sustained investment in basic, mul-
tidisciplinary, enquiry-driven science. This paper describes SAHRA’s approach and reports
on associated research and outreach activities.
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Department of Hydrology and Water Resources, University of Arizona, NSF Center for Sustainability of
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1. Introduction

Hydrology is inherently an applied subject because quantifying, modeling, and predicting
surface and sub-surface flows has intrinsic practical value. But hydrology was recognized
internationally as being a “science” as early as 1922, at the General Assembly of the Interna-
tional Union of Geodesy and Geophysics (IUGG) in Rome when a committee recommended
that a “International Branch of Scientific Hydrology” be created to further hydrography. Al-
though the International Association of Hydrological Sciences (IAHS) became established
before World War II, hydrology as it is understood today was unknown to the general public
and hydrology was not taught at universities except as components of such disciplines as
physical geography, hydraulic engineering, geology, and hydraulics. Between 1948 and 1980,
and particularly in the 1960s and 1970s, hydrology became better recognized as a subject of
great significance for economic development. Subsequently hydrology then grew to become
an important Earth System Science discipline critical to the wellbeing of mankind.

As engineers and scientists learned to measure components of the hydrological cycle and
to build (initially often empirical or statistical) relationships between them, there have been
times when progress paused long enough to define a then-current “accepted understanding”.
Practitioners used this understanding as the basis for planning, design, and management
decisions and this stimulated and facilitated growth of the hydrological consultancy industry.
Once established, the presence of accepted hydrological practice, especially when it becomes
enshrined in law or policy, can provide a disincentive to investment in the acquisition of
new hydrological knowledge and an inhibition on the application of any new hydrological
understanding resulting from such investment. In part because of this, some hydrologists have
become sensitive to the suggestion that enough is known to solve most practical problems
and they argue for preserving the purity of hydrology as a scientific discipline motivated by
scientific enquiry. However, others argue that the most able hydrologist scientists have lost
practical relevance and that hydrological research should primarily be guided by the needs
of stakeholders who have need of information to aid water management and water policy
within a catchment.

Over the last five years, two major international initiatives have emerged that reflect these
two perspectives on hydrology. One, the Hydrology for the Environment, Life, and Policy
(HELP) program, which is primarily being fostered by the United Nations Educational,
Scientific and Cultural Organization’s (UNESCO’s) International Hydrology Program (IHP),
is focused on stimulating the basin-specific stakeholder-driven hydrological science required
in catchments that have been selected to become members of a global network. The second,
the decade on Prediction in Ungauged Basins (PUB), which is being implemented by IAHS,
is primarily driven by scientific enquiry and is focused on creating new scientific methods
and understanding, albeit with practical application ultimately in mind. The nature, origins,
growth, and progress of these two international programs are described in Sections 2 and 3,
respectively.

The U.S. National Science Foundation’s (NSF’s) Center for Sustainability of semi-Arid
Hydrology and Riparian Areas (SAHRA) has adopted a subtly different approach. As an
alternative to either the pure stakeholder-driven approach or the enquiry-driven approach,
the SAHRA Center has adopted a “stakeholder-relevant, enquiry-driven” approach. This
involves looking ahead to anticipate future stakeholder needs and then building a research
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agenda selected to address critical stakeholder-relevant questions that require substantial and
sustained investment in basic, multidisciplinary, enquiry-driven science. Section 4 describes
SAHRA'’s approach and provides examples of associated research and outreach activities.

2. The hydrology for environment life and policy (HELP) program

The essential philosophy around which the HELP program is built is that integrated catch-
ment management is most effectively made by first creating a framework for water law and
policy experts, water resource managers, and water scientists to work together on water-
related problems. This network (or partnership) then defines and implements the required
“stakeholder-driven” hydrological research agenda and specifies the water related physical
(hydrological, climatological, ecological) and non-physical (technical, sociological, eco-
nomics, administrative, law) observations that must be made to address the most critical
policy and management issues. A catchment selected to become part of the international
HELP network necessarily must accept this stakeholder-driven approach and demonstrate
commitment to pursuing it, drawing advice, guidance, and support as it does so from other
catchments in the HELP network through information exchange and shared experience.

HELP s ajoint initiative of UNESCO and the World Meteorological Organization (WMO)
and, following the recommendations of the Sth UNESCO/WMO International Conference
on Hydrology (February 1999), HELP is led by UNESCQ’s International Hydrological Pro-
gramme (IHP). The program was originally stimulated by several factors including a call
for a UN Global Water Quality Initiative in 1996, and a request for UNESCO and WMO
to consider the launching of a 2nd International Hydrological Decade by the British Hydro-
logical Society in the so-called “Exeter Statement” in 1998 (BHS, 2005a). Important steps
towards creating HELP include a UNESCO-sponsored expert group meeting in Wallingford,
UK in 1998 where the stakeholder-driven framework was established; endorsement of the
framework for the HELP program by the 5th Joint UNESCO/WMO Conference on Inter-
national Hydrology in Geneva, Switzerland and later by the IHP Bureau in 1999; detailed
specification of the first phase of HELP at a Task Force Meeting in Tucson, USA in 1999;
and approval for HELP at the 14th Session of UNESCO-IHP in Paris and at 11th Session of
WMO-CHy in Abuja, Nigeria in 2000.

Subsequent development of the HELP program has been rapid and impressive. In Dublin
in 2000, the HELP Interim Management Committee (IMC) agreed on a two-stage process
for program implementation, with activity initially focused on a network derived from the
25 basins that had at that time already submitted unsolicited statements of interest in HELP
and a later formal solicitation for proposals for additional participating basins when the
program had successfully undergone this initial proof of concept. Written proposals were
then requested from the first 25 basins. These proposals were reviewed by sub-committee of
the HELP IMC and, on the basis of its maturity in implementing the HELP philosophy, each
basin was assigned a provisional classification into the following four categories:

e “Proposed” HELP basins (6 basins).
“Evolving” HELP basins (14 basins);
“Operational” HELP basins (4 basins); and
e “Demonstration” HELP basins (1 basin).

Consistent with the approach of encouraging information exchange and sharing experience
between basins in the network, HELP then sponsored several conferences which included
representation from among these initial HELP basins. Notable among these conferences
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Table1 Characteristics used to classify the basins selected for inclusion in the HELP basin network during
Phase 2 of the program

Group P: Proposed HELP basins are characterized by the following:
emay need to provide more detail for various aspects described in the Proposal Document.; may not
have yet achieved any initial operational activity.
emay not have yet begun full stakeholder involvement;
emay have identified too few or too narrow a range of the HELP key issues;
emay also need to provide further information about official endorsement, support and funding
commitments.
Group E: Evolving HELP basin are characterized by the following:
ehas demonstrated initial progress and commitment to develop the basin in accordance with
HELP principles;
ehas plans to involve stakeholder groups in regular meetings for HELP basin management;
ehas budgetary and stakeholder commitment secured and is awaiting implementation;
ehas a comprehensive project plan for proposed activities with timelines and milestones;
ehas plans for workshops, regular reporting, publications and web site;
emay become operational following at least one year’s implementation of the project plan;
emay solicit external support, if local resources do not suffice.
Group O: Operational HELP basin are characterized by the following:
ehas implemented the HELP philosophy;
ehas involved most HELP stakeholder groups in basin management;
eis substantially functioning across several HELP key issues in an integrated manner;
edemonstrates an active interface between science and water managers, and society;
ehas established mechanisms for unrestricted information and data access and exchange;
efollows the WMO Resolution 25 on international exchange of hydrological and related data.
Group D: World Demonstration HELP basin are characterized by the following:
ehas a high quality web site and a response facility for requests for information;
eis prepared to partner, cooperate with or engage in a twinning agreement with another HELP basin;
eis able to provide facilities for local seminars and/or visits from other HELP basins;
eis able to promote and attract sponsors for the HELP concept;
eaddresses problems in all of the five HELP key issues areas;
ehas a wide and varied range of stakeholders, including water resource managers, scientists, national
and local government, private sector and NGOs.

were the Sth IHP/IAHS George Kovaks Colloquim in Paris in 2000 and a major conference
entitled “Towards Integrated Catchment Management: Opening the Paradigm Locks between
Hydrology, Ecology, and Policy Making” in Sweden in 2002.

Based on the success of the first phase of HELP, in October 2003 the formal call for new
or continued participation in the HELP Basin network was made. The subsequent review
resulted in 67 basins being selected and again classified into the four categories given above
(UNESCO, 2004). The criteria characterizing these classifications are given in Table 1. Fig-
ure 1 shows the location of basins selected to be in the newly defined HELP Network. 29%
of the basins are in Europe, 20% in Africa, 12% in North America, 11% in Latin America
and the Caribbean, 7% in Australia and the Pacific, and 4% in the Middle East. In 2004
and 2005, HELP-related international conferences span the globe. They include the Inter-
national Conference on “Integrated Water Resources Management in Vulnerable Ecotypes”
in Xinjiang, China in August 2004; a HELP session at the 2nd International Symposium
on “Transboundary Waters Management” in Tucson, Arizona in November 2004; a HELP
Workshop on “The effects of mining on water resources quality” in Vanuatu Islands, S.W.
Pacific in December 2004, the HELP International Conference on “North-South Analysis on
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Fig. 1 Location of the network of participating basins in phase 2 of the HELP program

Global Change Impacts on Watersheds” in Bonn, Germany in February 2005, and a Joint
HELP-IWMI-IGBP meeting on “The Science needed to address Water and Food” in South
Africa later in 2005.

An important new development in the organisation of the HELP program is a movement
toward organizing activity through Regional Coordinating Units (RCUs) which arguably
better sample any regional or cultural distinctions that may influence Integrated Catchment
Management (ICM) practice. At this time, four RCUs so far exist to coordinate HELP-
related activity in Australasia and South East Asia; Latin America and the Caribbean; North
America; and Europe. In summary, the HELP program remains vigorous and effective and
it continues to grow both in terms of the level of participation and the effectiveness of
information exchange between basins.

3. TAHS decade on predictions in ungauged basins (PUB)

IAHS’s “decade” (2003-2012) on Predictions in Ungauged Basins was stimulated by two
motivations, one institutional and one scientific. The program resulted from an internet-based
discussion which was initiated in September 1999 by the then President-elect of IAHS, Kuni
Tacheuchi. The discussion (IAHS, 2005a) sought to define strategic directions within hydro-
logical science that IAHS might take leadership of for a decade or more. In part, the purpose
of this debate was to build a renewed excitement within IAHS itself, the perception at that
time being that the organization had become too “institutional” in nature and that it needed to
strengthen its position as the “academic” leader of the international hydrological community.
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Because IAHS is essentially concerned with fostering new hydrological science at the inter-
national level, the focus of the internet-based discussion was on major gaps in hydrological
understanding and capability that needed to be addressed community-wide. The observa-
tion was made that hydrologists’ capability to make predictions in basins where relevant
traditional data were in short supply or nonexistent were palpably poor. The suggestion that
addressing this weakness was a worthy focus for IAHS activities came from Murugesu Siva-
palan who, when PUB was initiated, became the first leader of the PUB Scientific Steering
Group.

Subsequent planning of PUB took some time to accomplish. Important steps included
discussion at the “IAHS Maastricht Prospective Workshop on Future Directions” at the VIIth
IAHS Scientific Assembly in Maastricht in July 2001, a PUB Preparatory Workshop in Kofu
in March 2002, a PUB “Kickoff” Meeting in Brasilia in November 2002, and a PUB Open
Forum at the American Geophysical Union meeting in San Franciso in December 2002. The
first draft of the PUB Science and Implementation Plan was presented in March 2003 in
Kyoto during the PUB Session at the 3rd World Water Forum (IAHS, 2005b). Subsequent
PUB-related activities include major sessions at the European Geophysical Union meeting in
Nice in April 2003 and April 2004, at the 23rd XXIIIrd IUGG General Assembly in Saporro
in July 2003 and at the 8th IAHS Scientific Assembly in Foz do Iguacu, Brazil in April 2005.

As an overall goal, PUB aims to formulate and implement appropriate science programs
which engage and energize the scientific community, in a coordinated manner, towards achiev-
ing major advances in the capacity to make predictions in ungauged basins. PUB has set
community wide objectives for the hydrological community, as follows:

e Advance the ability of hydrologists worldwide to predict the fluxes of water and associated
constituents from ungauged basins, along with estimates of the uncertainty of predictions;

e Advance the knowledge and understanding of climatic and landscape controls on hydro-
logic processes occurring at all scales, in order to constrain the uncertainty in hydrologic
predictions;

e Demonstrate the value of data for hydrologic predictions, and provide a rational basis
for future data acquisitions, including alternative data sources, by quantifying the links
between data and predictive uncertainty;

e Advance the scientific foundations of hydrology, and provide a scientific basis for sustain-
able river basin management; and

e Actively promote capacity building activities in the development of appropriate scientific
knowledge and technology to areas and communities where it is needed.

The goals of PUB will be accomplished through the activities of Working Groups. In an
attempt to establish PUB as a “bottom-up” program in which ideas and enthusiasm comes
from the broad worldwide community of hydrological scientists (as opposed to the traditional
“top-down” approach of coordinating science though high level IAHS Commissions), the
process through which individual PUB Working Groups are established is currently little
inhibited by a formal approval process. Groups of scientists interested in working together
on PUB-relevant science can self-organize and propose to become a PUB working Group by
applying through an internet-based application process. Although PUB is still in its infancy, at
this writing ten PUB Working Groups have so far registered their intent to provide leadership
in areas of science relevant to PUB (Table 2), in some cases seeking to lead regional or
national contributions that cover several scientific topics.

Figure 2 illustrates the organizational infrastructure for PUB. In terms of governance, PUB
operates as fully-fledged IAHS Working Group which reports directly to the IAHS Bureau
through the Chair of the PUB Scientific Steering Group who is a member of the Bureau.
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Table 2 Current working groups participating in the IAHS decade on Predictions in Ungauged Basins
(PUB)

Working group No.  Scientific topic or regional or national focus of working group

WGl Top-Down Modelling Working Group [http:/www.stars.net.au/tdwg/]

WG2 MOPEX Working Group

WG3 Orographic Precipitation, Surface and Ground Water Interactions and their Impact
on Water Resources

WG4 Japan Working Group [Suimon Adventure for Knowledge Evolution; SAKE]

WG4.1 — Estimation of Extreme Events
WG4.2 — Model Selection and Uncertainty Evaluation
WG4.3 — Hydrologic and Landscape Diveristy
WG4.4 — Global Hydrologic Modelling
WG4.5 — Downscaling Global Hydrologic Information
WG5S Design Flows for Ungauged Basins
WG6 China Working Group
WG6.1 — Hydrological Modelling and Water Resources Assessment under
High Water-Stress
WG6.2 — Evaluation and Prediction of the Groundwater
WG6.3 — Flood Forecast and Damage Estimation
WG6.4 — Prediction of Water Resources and its Consumption in the Arid Region
WG6.5 — Study of the Ecologically Vulnerable Basins
WG6.6 — Development of the Coupled Model for the Hydrologic Cycle and
Water Quality in the Urbanized River Basins
WG6.7 — Applications of New Technologies, Theories and Methods to the
Hydrological Prediction in Ungauged Basins

WG7 Uncertainty Estimation for Hydrological Modelling

WG8 Remote Sensing and Data Assimilation

WG9 Mediterranean Climate Ungauged Basins

WGI10 Drought and Flood Risk: Hydrology and Sediment Transport in Mountain
Catchments

The Scientific Steering Group (SSG), provides the primary source of scientific guidance
to PUB. Members of the SSG are appointed by invitation for 2 years with a possibility of
renewal and, from January 2005, and will be drawn from the grassroots membership of the
IAHS who are active in PUB Working Groups. For the first five years, the SSG supported
by a PUB Strategic Advisory Group (SAG) to provide strategic advice, foster linkage to
related programs, and to seek to secure funds, and lead capacity building activities. During
the decade of PUB, activities and performance will be periodically reviewed by an ad hoc
Review Panel of eminent scientists and representatives of user groups and linked programs.
The next major review will be conducted in the first half of 2005.

4. NSF center for sustainability of semi-arid hydrology and riparian areas
(SAHRA)

The Center for Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) is funded
by the U.S. National Science Foundation (NSF). Because NSF is a federal agency whose
primary goal is to “enable the future” by stimulating novel, state-of-the-art science and be-
cause the SAHRA Center is a federally-funded entity supported by NSF, SAHRA clearly
cannot operate in response mode to meet local stakeholder-selected demands in competition
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Fig. 2 Organizational diagram of the IAHS decade for Prediction in Ungauged Basins (PUB) within the
IAHS bureaucratic structure

with an already effective private U.S. consultancy industry. Nonetheless, SAHRA’s mission
(SAHRA, 2005a) is to create knowledge and to build understanding that will enhance the
prospects of sustainable water management in semi-arid regions, especially the southwest-
ern U.S. Therefore, SAHRA must provide practical outputs that have direct relevance. To
resolve this apparent conflict, the SAHRA Center has adopted the strategy of looking ahead
to anticipate future stakeholder needs and then building a research agenda to address se-
lected stakeholder-relevant questions which are already critical or soon to be critical, and
which require substantial and sustained investment in basic, multidisciplinary, enquiry-driven
science.

The mission of SAHRA, is “to promote sustainable management of water resources by
conducting water resources-related science in the context of critical water management
issues of semiarid and arid regions”. However, the power to improve sustainability of wa-
ter resources properly rests with elected officials, professional water managers, and legal
experts at local, state, and national levels. Consequently, what is required is an effective
mechanism for synthesis, integration, education, and outreach in support of better informed
decision-making. Consequently, SAHRA’s mission has a dual nature and involves both (a)
conducting basin-focused multidisciplinary research that addresses critical and stakeholder-
relevant knowledge gaps in the hydrological understanding of semiarid and arid regions; and
(b) conveying what is known and what is being learned regarding arid and semiarid hydrology
to improve water management and policy. SAHRA'’s approach is:

1. to anticipate the future need for critical hydrological understanding in arid and semiarid
regions by defining stakeholder-relevant questions that cannot be addressed by individual-
investigator research; then

2. to bring together appropriate multidisciplinary teams of researchers to address these ques-
tions effectively; and

3. simultaneously to build partnerships with a relevant spectrum of stakeholders (public
agencies and private organizations) so that this new understanding will be effectively
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Fig. 3 River Basins in the Southwestern U.S. where the SAHRA Center’s Research has Focus

applied to the efficient and equitable management of water resources and to the rational
implementation of public policy.

At this writing, the three stakeholder-relevant integrating questions (Table 3) which are
being used to focus SAHRA scientific research are broad-based and capable of engendering
and crosscutting many related topics of inquiry and touch on scenarios that are of prime
interest in this region: namely land use changes, population growth, and climate variability.
SAHRA further frames its science and stakeholder activities in a river basin context because
basin-focused science yields a synergy of activities that helps to drive science integration.
Moreover, stakeholder issues are tied to river basins, consequently a river basin focus also
helps to drive the application of research results. SAHRA’s pr