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Abstract

In 2000, the World population was 6.2 billion people; it reached 7 billion in 2012, and is expected to reach 9.5
billion (£ 0.4) in 2050, 11 billion (£ 1.5) in 2100, according to the 2012 UN projections (Gerland et al. 2014). The
trend after 2100 is still one of global demographic growth, but after 2060, Africa is the only continent where the
population would still increase. The amount of water consumed annually to produce the food necessary to meet the
needs of the populations varies greatly between countries, from about 600 to 2500 m?/y per capita (Zimmer 2013),
depending on their wealth, their food habits, and the percentage of food waste they generate (on average, 30% of the
food produced is wasted). In 2000, the total food production was on the order of 3300 million tons (in cereal
equivalents). In 2014, it is estimated that about 0.8 billion inhabitants of the planet suffer from hunger (FAO 2014)
and do not get the nutrition they need to be in good health or, in the case of children, to grow properly (both
physically and intellectually). This food deficit was on the order of 40 million tons of cereal equivalents in 2014. The
number of inhabitants with a food deficit was about 0.85 billion before the 2008 crisis and was decreasing annually,
but it increased abruptly after 2008 up to 1 billion inhabitants, and is slowly decreasing now. Assuming a World
average water consumption for food of 1300 m?/y per capita in 2000, 1,400 m3/y in 2050 and 1500 m?/y in 2100, a
volume of water of around 8200 km3/y was needed in 2000, 13000 km?/y will be needed in 2050 and 16500 km?/y in
2100 (Marsily 2009). Can bioenergy be added to food production? Will that much water be available on earth, and
where will it come from? Is climate change going to modify the answers to these questions? Can severe droughts
occur? Can there be conflicts related to a food deficit? Some preliminary answers and scenarios for food production
will be given in this paper from a hydrologist viewpoint.

Key words: World water stocks and balance - Climate change - Food supply - Bioenergy - Green and Blue water -

Virtual water - El Niflo - Water conflicts.

1. Where does the water we use today come from ?

Natural water on earth has two origins: the perennial water cycle, the major one, and the stocks of freshwater.
Below is an assessment of the origin and use of water for the year 2000, for which most of the data are available, but
one must keep in mind that all these numbers come from different sources, may not always be consistent, and are all
uncertain.

1.1 Freshwater stocks
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The freshwater stocks are very large (see for example. Marsily 2009): about 28.2 million km? of ice and 15
million km? of groundwater (which may be brackish in many places), plus about 0.3 million km? in lakes, and 8,500
km? in artificial reservoirs (Chao et al. 2008), plus the newly discovered 0.5 million km? of semi-freshwater stored in
aquifers beneath the seabed (Post et al. 2013), whose magnitude and salinity still needs to be confirmed and which
may be difficult to exploit. The ice stock is decreasing because of climate change (IPCC 2014), and today the flow in
the rivers from high mountains with glaciers is increased because the ice is melting.

In fact, according to Rabatel et al. (2013), the tropical Andes harbour more than 99 % of all tropical glaciers:
Peru (71 %), Bolivia (20 %), Ecuador (4 %) and Colombia—Venezuela (4 %). Most of the glaciers in the Cordillera
Blanca, the largest tropical glacier train in the world, are predicted to disappear, especially at lower elevations
(Bradley et al. 2006; Vuille 2013) and some as soon as between 2025 and 2045 (Ramirez et al. 2007; Baraer et al.
2012). The predictions of all the different climate scenarios (IPCC 2014) are that they will melt as the warming rate
has already accelerated over the last three decades and glacier loss is now occurring at an unprecedented rate (Vuille
et al. 2008). In fact, glaciers all along the Andes cordillera, north to south, are reported to be retreating at varying
rates and to be threatened by future climate change (Nicholson et al. 2009; Willis et al. 2012; Davies and Glasser
2012; Diaz et al. 2014). However this retreat is particularly critical for Peru and Bolivia, as Peru’s highly populated
arid Pacific coast depends on water stocks from glacial melt (for drinking, irrigation, and hydroelectric power) to
compensate for the lack of rainfall, especially during the May to September dry season, when nearly all of
the river-flow is due to glacial melt (Chevallier et al. 2011). In Bolivia, glaciers in the southern Cordillera Real
supply approximately 15% (30% during the dry season) of the drinking water for the urban areas of La Paz and El
Alto (Ramirez et al. 2007; Soruco 2012; Moya Quiroga et al. 2014).

The groundwater stocks are also decreasing, as shown in Table 1, taken form Zimmer (2013) and Wada et al.
(2012):

Table 1: Amount of irrigation water taken from the groundwater stocks, for the year 2000
(from Zimmer 2013, and Wada et al. 2012)

Country Amount of | Amount of excess | Total annual
groundwater withdrawal compared to | consumption for
pumped annually | natural recharge irrigation
km3/y km3/y km3/y

India 190 71 600

Unites States 115 32 204

China 97 22 403

Pakistan 55 37 183

Iran 53 27 59

Mexico 38 11 71

Total 548 200 1520

PLANET EARTH | 734 256 2510

In Table 1, the countries are listed in decreasing order of annual groundwater withdrawals for irrigation. The
data are for the year 2000. The second column is the excess withdrawal, i.e. the amount of water taken from stocks.
The third column is the total consumption by irrigation, from groundwater and surface water. The numbers in the
line “Planet earth” show the sum for all countries where estimates were available, and not just for the first six listed.
These numbers are quite uncertain; other authors reach values about half as high as these, see e.g. Konikow (2011),
Daoll et al. (2014; 2015, this volume). But the comparison of the withdrawals from the stocks with the total amount of
irrigation water is of concern: about 10% of the irrigation water used today is non-sustainable, and comes from



groundwater stocks that eventually will run out. This is of special concern at least for India and China, where the
stocks will last for perhaps another 10 to 30 years. The annual amount taken from stocks is relatively small compared
to the global stocks (256 km? compared to 15 million km?), but this is a false image: what matters is the volume of
residual freshwater stocks that can be exploited at the local and not at the global scale: if the stock is large e.g. in the
Sahara desert or in Siberia, is it of any use in India or China?

1.2 The water cycle

The renewable fresh water resources of Planet Earth, adapted from Shiklomanov (1999, 2003) and Trenberth
et al. (2007), are estimated today at 113,000 km?/y, which is the total amount of rainfall and snowfall on the
continental surfaces including the Antarctic and Greenland ice sheets (but not the floating ice of the North pole). This
corresponds on average to a rain-depth of 840 mm y~'. The fate of this rainwater is as follows:

-73000 km?/y (65%) returns to the atmosphere, by direct evaporation and mostly by plant transpiration. This
amount is partly used by rain-fed agriculture and pasture (in 2000, 6300 km?/y) and sustains the needs of all
terrestrial ecosystems. It is used to 100% by nature; hence it is by no means a “loss”. It is now called “Green Water”
(Hoekstra et al. 2011; Hoekstra and Mekonnen, 2012).

-4000 km?/y (3%) represents the melting of icebergs, broken-off from the Antarctic and Greenland ice sheets,
which melt in the sea and participate in the general ocean circulation.

-36000 km?/y (32%) is the total flow on the continents, which is called “Blue Water”; it consists of:

-26000 km?/y (23%) of direct runoff into rivers when it rains; part of which can be used directly, or
stored in reservoirs for later use. This water is also used by the aquatic ecosystems, in wet zones, rivers, lakes,
and coastal zones.

-10000 km*/y (9%) infiltrates into the ground and feed the aquifers, which in turn feed the rivers
when it does not rain, (7800 km?/y), or flow directly into the seas or endorheic zones (2200 km?/y).

A first step is to define the resource available to humans based on these numbers. In general, the volume of
73000 km’/y of evapotranspired water going back to the atmosphere (Green Water) is not considered a resource,
which constitutes a major error since, e.g. for the year 2000, of the estimated 8,200 km?/'y of water consumed! by
agriculture to produce our food, about 6300 km3/y is Green Water (5500 km3/y on rain-fed farm-land, over 1.34
billion ha, and 0.840 km?*/y on rain-fed pasture, over 3.3 billion ha), and only 1800 km%/y is Blue Water, used for
irrigation on 0.26 billion ha of irrigated land (Griffon 2006; Académie des Sciences 2006; Marsily 2009). The total
surface area of the continents is 13.3 billion ha, of which (according to the FAO, 2002, for 2000) approximately 1.6
is farm-land, 3.7 is forest, 4.6 is grass and shrub, and 3.4 is bare land; the total area that could potentially be farmed,
at the expense of forests and grass and shrub, is 4.2 billion ha. Let us assume for a moment that all the arable land on
earth was used for rain-fed agriculture. The water evapotranspired by these 4.2 billion ha would amount to
approximately 23000 km?/y (assuming linearity between area and evapotranpiration), which is still larger than the
estimated water needs to feed 11 billion inhabitants in 2100 (16500 km?/y).

However, the arable land that is not directly farmed by humans today, about 2.6 billion ha, is of course not
bare soils: it contains all the remaining natural ecosystems, from the tropical forests to the northern forests, the grass
lands, the bush land, the wetlands, etc. Transforming more land into farmland for agriculture, where this is possible,
therefore has an environmental cost, i.e. that of reducing natural ecosystems and biodiversity.

Similarly, when water is withdrawn from a river, e.g. for irrigation purposes, it is also withdrawn from the
normal functioning of a natural ecosystem. In these systems, life has become adapted to making use of the resource,
as efficiently as possible. The aquatic life is therefore at equilibrium with the natural flow, its seasonal variations, its

! The “consumed” water is that which is evaporated and returns to the atmosphere; in “irrigation”, it represents on
average 75% of the withdrawal; in domestic and industrial use, it represents about 15% of the withdrawal, the rest is
the return flow which goes back to the continental water cycle.



floods and inundation of the plains, its droughts and their frequency, etc. Any withdrawal of water or any artificial
regulation (e.g. by a dam) of the natural functioning of the system will inevitably have a negative impact on the
natural ecosystems, from the source to the mouth of the river, and even on coastal areas whose ecosystems depend on
the flux of freshwater into the sea for their survival. Note however that on average, at the global scale, one ha of
irrigated land produces about three times more food than one ha of rain-fed land (Musy and Higy 2010).

Thus the reality is as follows: the global renewable resource of freshwater on Earth (total rainfall on the
continents, 113,000 km?/y) is very large, and today less than 10% of it is used by humans, but the remaining 90% are
entirely used to sustain the natural ecosystems, and the biodiversity that makes the World what it is. Globally, it may
be possible to increase the part of the resource used by humans, but only at the expense of the functioning of the
natural ecosystems. The question is then: where is the least damage done by withdrawing water from the natural
systems?

The water resource is unequally distributed on earth. At high latitudes, in the so-called “cold deserts”,
precipitation is very low,,< 200 mm/y. Rainfall increases in the temperate zone, where it reaches 700 to 1000 mm/y,
then decreases (at the latitude of the Mediterranean zone) to practically zero at the latitude of the “hot deserts”, such
as the Sahara, the Arabic Peninsula, the Taklimakan desert, Mexico, etc. It then increases again in the tropical and
equatorial zone, to reach an order of 2300 mm/y. The same type of climate distribution is found for every meridian
and in both hemispheres (Shelton 2009).

In Table 2, from Viviroli et al. 2007), the percentage of the World population is given as a function of the
climate and vegetation zones, with the amount of direct river runoff. One can see that the World population is not
distributed in accordance with the water resource. This is one reason for the local water shortages. Figure 1 gives the
areas of the World where there are water shortages at present (Rijsberman 2006; IWMI 2007; WWAP 2012; WWDR
2012), based on Blue Water only. But two causes are outlined on this map: (i) physical water scarcity, where more
than 75% of the river flow (Blue Water) is withdrawn for human use, and (ii) economical water scarcity, where the
Blue Water is available, but not exploited for lack of resources to finance the equipment to do so (dams, canals,
irrigation systems...). This zone of “economical scarcity” harbours the 0.8 to 1 billion undernourished inhabitants of
the planet, not the “physical scarcity” zone. This is very important to realize, hunger is not, today at least, linked to a
lack of water.

Table 2. Climate classification adapted from Leemans (1992) and life zones from Holdridge (1967).
In Viviroli et al. (2007)

Contains aggregated Holdridge life zones (:;)) 1:5/?; ((()/20) (mncll )

Polar and Cold Tundra and Polar; Cold Parklands 14.8 32 11.9 245

Cool Forest Tundra; Boreal Forest 11.3 4.0 11.6 313

Temperate Temperate Forest; Warm Temperate Forest 9.9 23.3 15.2 465
Steppe Steppe; Chaparral 9.7 13.6 1.9 59
Arid Cool Desert; Hot Desert 18.5 7.9 0.3 5

Sub-tropical Tropical Semi-Arid; Tropical Dry Forest 18.3 24.8 8.8 147

Humid Tropical Seasonal Forest; 17.5 23.2 50.3 872

Tropical Tropical Rain Forest

A: Share in continental surface area (total: 133.6 million km?)

POP: Share in global population (total: 6.2 billion people in 2000)

Q: share in global discharge (total: 36,000 km? y!)

q: Average runoff, mm y! ; Antarctica and glaciated parts of Greenland are excluded.
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Fig. 1. Physical and Economic Water Scarcity (WWAP 2012).

1.3 Virtual water, example of Tunisia

The concept of “Virtual Water” was introduced by Allan (1988). It represents the amount of water needed to
produce the goods that are imported or exported from one country to another. In this case, the goods are agricultural
products, but it could be any kind of product. To truly understand the role of Virtual Water in the water balance of a
country, take one example, Tunisia, a country in the arid zone where the water balance has been thoroughly studied
for a long time (Chahed et al. 2008; Besbes et al. 2009, 2014). The presentation below is taken from these authors.

Tunisia is situated in North Africa, and bordered by Algeria, Libya, the Mediterranean Sea, and the Sahara.
The country has a surface area of 164,420 km? and had 10 million inhabitants in 2004, and 10.8 in 2013, according to
the National Institute of Statistics-Tunisia. It has about 5 million ha of agricultural land, 11% of which can be
irrigated. The average rainfall is 220 mm/y, which translates into a rainfall resource of 36 km?/y. Total hydraulic
resources (Blue Water) are estimated at 5 km?/y with the current climate, i.e. 3 km?/y of runoff and 2 km%y of
groundwater flow. It is considered that 2.1 km?/y of surface water can be exploited through dam construction, and
1.8 km?/y sustainably supplied by groundwater. The Green Water, which is part of the rainfall resource infiltrated
into the soil and available for evaporation and consumption by plants, is 23 km?/y, of which 13 km?%/y refer to the
whole extent of arable land (5 million ha), and 10 km3/y to forest and rangeland. The remaining part of the rainfall is
evaporated on bare soils and by wetlands, or transferred to the Mediterranean.

The water demand for food is estimated from the amount of water needed to produce it (Table 3). It is
evident that animal products are very demanding compared to vegetal products. This is due to the fact that animals
eat vegetal products (e.g. grain, soya), and to the low efficiency of vegetal-to-animal product transformation.



Table 3. Water needed for food production. Average values of water used in m3/t to produce raw food
(consumed fraction, not in dry matter), (Renault and Wallender 2000; Zimmer 2013)

Vegetal product | Water needed | Animal product | Water needed
(m3 t-l) (m3 t-l)
Vegetable oil 5000 Beef 13000
Rice 1500 — 2000 Poultry 4100
Wheat 1000 Eggs 2700
Corn 700 Milk 800
Citrus fruits 400
Vegetables 200 —400
Potatoes 100
1500 .
1300
£ 1100
2 90
700
500 K
1970 1980 1990 2000

1960

Fig. 2: Evolution of the per capita water equivalent (m3/y) of the Tunisian food demand during the last
40 years.

Based on the average diet in Tunisia, the food water demand in 2004 was about 1450 m?/y per capita, while it
was only 600 m?/y in 1960, Fig. 2. This strong increase is due to diet changes, in particular an increase of animal
product consumption. With 10 million inhabitants in 2004, the water demand for food was 14.5 km3/y, when the
available water resource used for agricultural production was 10 km?/y (Irrigation, Blue : 2 and Rainfed, Green: 8).
Tunisia was therefore in theory short of about 5 km?/y of water to meet its food demand, and was obliged to import
food (mostly cereals) as “Virtual Water” to balance its water budget. Table 4 gives the actual mean water
consumption per type of activity for the years 1990, based on production and trade statistics of food products.

Table 4: Comprehensive water consumption of Tunisia (average values for the years 2000)
from Besbes et al. (2009)

Sector Water consumption, km3/y
Irrigation 2.1
Rain-fed agriculture 6

Net imported Virtual Water 3.7
Urban water 0.4

Industrial water 0.1

Forests and Rangelands 5.5

Water storage in dams for future droughts 0.6
Environment (conservation of wet zones) 0.1
Total Water Consumption 18.5




The direct water needs, which include municipalities, industry, and tourism, are small (3%) compared to the
agricultural demand. In average rainfall years, half of the water required to meet Tunisian food requirements is
provided by rain-fed agriculture (Green water), one-sixth by irrigated agriculture (Blue water), and almost one-third
by Virtual Water in the form of imported food. Tunisia imports the water equivalent of 5.2 km3/y, essentially in the
form of cereals, and exports agricultural products such as citrus fruit, dates, olive oil, and early-season vegetables,
equivalent to 1.5 km?/y for an average annual net deficit of 3.7 km3/y (Chahed et al. 2008). In 2025, with about 12
million inhabitants, and probably less water available because of climate change, Virtual Water is likely to increase
to 50% of the food demand.

Tunisia’s food security goals are to satisfy, as far as possible, its basic food needs (cereals, oil, meat, milk).
However, it cannot be self-sufficient in some of these products. Most importantly, climate variations cause large
fluctuations in the yield from rain-fed agriculture (Besbes et al. 2009). The food trade balance of Tunisia has been
negative during the last three decades, except for the rainy years of 1991, 1999, and 2004. This balance depends
strongly on cereal imports, which represent close to 45% of the total value of food commodity imports.

Large-scale hydraulic programmes to increase the Blue Water availability make the water cycle highly
artificial, which leads to a reduction of the water feeding natural hydrologic systems, with consequences for the
behaviour of continental and coastal aquatic ecosystems; a reduction of recharge to aquifers from wadis (the Arabic
term for an ephemeral stream or a dry riverbed where water flows only during the rainy season) situated downstream
of large dams; and a progressive salinization of soils irrigated with highly saline water. In these conditions, the
protection of the environment and of the resources requires a continuous assessment of the environmental water
demand, which should be included in the planning of water allowances: artificial floods for wetlands and
groundwater recharge or additional irrigation share to prevent salinization of irrigated soils. Increased irrigation
shares for salt leaching in soils were allocated early on, whereas the understanding of other environmental needs
requiring a direct water allowance from exploited resources has been progressive and is now an essential component
of water-resource planning and management. On a national level, the environmental water demand remains small
compared to urban and agricultural requirements, but it represents a growing concern in the planning of future
hydraulic programs.

Sometime in the 1980s, by its demographic growth and food diet changes, Tunisia has reached a situation
where it was no longer self-sufficient in the balance of its food budget (or its water budget), and needed to import
food (cereals) or “Virtual Water”. To balance its financial budget, Tunisia needs to export products or services to
raise the money needed for food import: phosphates minerals (Tunisia has no significant hydrocarbon nor coal
resources), textiles, tourism, services, etc. Provided that food (cereals) is available on the international market, the
real problem of Tunisia, given its demographic situation, is not water, it is how to raise the money needed to buy
food in the market. In this context, the best use of the available Blue Water may not be agriculture, but other
industrial or service activities, with better water efficiency (in terms of $/m?) and better job efficiency (in terms of
jobs/m?) than that offered by agriculture.

But is food available on the World market and likely to remain so in the future?

2. Scenarios for food production in 2050

Table 5 (part 1, situation in 2000) is an estimate for 2000 of how much food the Planet produced, with a
zonation taken from the Millennium Ecosystem Assessment Report (2005). Listed per zone are: its area, the area
suitable for agriculture, the water resources (rain, Green and Blue Water, potentially exploitable Blue Water), the
cultivated area in 2000, the percentage of cultivated arable land, the population, the food-need, in million tons of
cereal-equivalent (i.e. each type of food is converted into cereals), the average yield in t/ha, the amount of water
consumed (Blue Water, Green Water, and % of rainfall), the food deficit or excess, and finally, the amount of arable
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land that is not cultivated and kept as “natural areas”, i.e. forest or grassland. Note that these numbers come from
different sources, are often not consistent (and therefore adjusted so as to be consistent in Table 5) and highly
uncertain; they provide only orders of magnitude.

The water consumed by agriculture in 2000 was 8140 km?*/y: 1.34 billion ha of rain-fed agriculture,
consuming 5500 km?/y of water; 3.3 billion ha of rain-fed pasture consuming 840 km?/y; and 234 million ha of
irrigated agriculture, consuming 1830 km?/y of water. It represents 97% of the total water consumption by man.
Three major cereals, rice, wheat and maize, each representing approximately one third, constitute 60% of the food
consumption. The total food production is about 3.3 billion tons of cereal-equivalents per year, for 6.2 billion people.
However, about 1 billion are under-nourished; the amount of the food deficit is about 40 million tons per year,
mostly in Asia and Sub-Saharan Africa, as shown in Fig. 1. The current rate of food production increase does not
correspond to that of the demographic growth, or at least, does not reduce the food deficit fast enough. The food
yield is on average 2.11 t/ha, but varies greatly from 0.75 (Russia and the Commonwealth of Independent States,
CIS), 0.92 (Sub-Saharan Africa, SS-Africa) to about 2.9 (Asia and the countries of the Organisation for Economic
Co-operation and Development, OECD). The water efficiency (m? of water used to produce 1t of cereals) is on
average 2460 m>/t, with SS-Africa at 6150 m%/t, Russia+CIS at 4600 m’/t and OECD at 1040 m3/t.

The first observation is that the major problems are expected to occur in Asia and in the West Asia-North
Africa (WANA) countries, where the ratio of consumed water (Blue + Green) to rainfall is about 16% (World
average: 8%) and, most importantly, the ratio of farm land to arable land is 75% and 87%, respectively (World
average: 37%). The major issue concerning food, as we will see, is the availability of arable land, not water. The
consumed water is on World average 78% Green Water and 22% Blue Water, but again Asia and WANA have quite
different ratios: 70% Green, 30% Blue, and 53% Green, 47% Blue, respectively. A final observation is that “natural”
(protected) land, i.e. arable land that is not cultivated and is covered by forests and grassland, is mostly found in
Latin America (33% of the total), Sub-Saharan Africa (31%) and OECD countries (19%).

To predict the food balance for the years 2050 or 2100, one needs to determine:
-the number of inhabitants on earth,
-their eating habits and the amount of wasted food,
-the efficiency of food production per m? of water, i.e. the efficiency of the agricultural water use,
-the effects of climate change,
-the amount of cultivated land.

To answer the first question, recent demographic projections made by the UN (2012, see Gerland et al. 2014
and Fig. 3) converge towards 9.5 billion inhabitants (from 9.1 to 9.9) in 2050, and towards 11 billion in 2100 (from
9.5 to 12.5), but the demographic growth will continue after 2100, mainly in Africa.
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10

The second question (eating habits) is more difficult. Table 3 shows the amount of water needed to produce
the different types of food consumed today, and Table 5 the water actually used per geographic zone and the yield. If
a country goes from a mostly vegetarian diet to a meat-rich one, the amount of water required for food production
will greatly increase, as e.g. one kg of beef requires 13 times more water than one kg of wheat... At this moment,
Asia is more vegetarian than meat-consuming, but this is changing rapidly, in particular in China and India.
Assumptions have thus to be made on the food habit evolution.

The third question concerning agricultural efficiency (see Table 5) is also difficult to answer, particularly for
such a long forecasting period, i.e. 35 to 85 years. But it is generally assumed that water use efficiency could be
increased by 20% by 2050, i.e. that the same amount of food could be produced with 20% less water. In short, “more
crop per drop” is feasible. When the yield is good (e.g. above to 2-3 t/ha), the water consumption per ton is about
that of Table 3; but when the yield is low (e.g. about 1 t/ha), the water consumption per ton becomes much higher
(up to eight times more), because the plants are less developed, they do not cover the soil, and much water is
evaporated, not transpired (Zimmer 2013; Rockstrom 2004). Increasing the yield (e.g. by better plant selection, use
of fertilizers, protection against pests,...) will also increase water efficiency.

The effects of climate change are discussed in Section 3.

Griffon (2006), Agrimonde (2010), and FAO (2015a), among many others, have built scenarios of food needs
and food production increase for 2050. One of these scenarios is presented in Table 5, part 2, the situation for 2050.
Compared to 2000, the increase in food production achieved by 2050 should be from 3300 million t/y to 6180
million t/y. This number takes into account population growth, the age of the population, the eradication of hunger,
and diet changes as a linear continuation of what has been observed in the past 10 years. This food production
increase can be obtained by:

-increasing yields and crop efficiency,

-increasing the amount of irrigated land,

-increasing the amount of cultivated rain-fed land.

-reducing food losses, which are currently estimated at 30% of food production (SIWI, 2008).

At present, the rate of areal increase in irrigated land is low, less than 2 million ha/year. In the years 2000s,
the World Bank and other funding agencies stopped financing large irrigation projects, as their technical and
financial success was considered poor, but they are now revising their opinions. Unless its rate of increase is raised
very rapidly, by at least a factor of ten, irrigation is not going to be the main factor of production growth. Scenario 1
in Table 5 is based on small technology changes, nominal investment in irrigation, major increase in rain-fed
agriculture in Africa (to satisfy the demand on this continent), in South America, Russia-CIS and OECD countries, to
compensate for the deficits in Asia and WANA, unable to be self-sufficient. Many tests have been performed, but the
major conclusion is indeed that Asia and WANA countries cannot be self-sufficient food producers in 2050, as is
already the case of WANA today. The limiting factor is soils for Asia, and water for WANA. SS-Africa is currently
in food deficit, and must import food, but there is plenty of arable land and water in SS-Africa, and it could be self-
sufficient, as is assumed in Table 5, but this is a very strong assumption and requires rapid development of the
agricultural production in SS-Africa, which may or may not occur. The deficits from Asia and WANA are assumed
to be met by extra production by Latin America, OECD countries and Russia-CIS. But other scenarios could equally
well have been built, with SS-Africa becoming an exporter, or with different ratios between the three exporting zones.

The net result of this scenario is that an increase of about 1 billion ha of rain-fed cultivated land would be
required, thus reducing the “protected area” (non-cultivated arable land) by the same amount. This number is
probably too large; other scenarios produce half or even a third of that number, with different assumptions on yield
and food habits. If this scenario is linearly extrapolated to 2100, with 11 billion inhabitants, a total production of
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7,200 million tons/y of cereal-equivalents would be required, i.e. an additional increase of rain-fed cultivated land of
about 0.4 billion ha, and a residual “protected area” of 1.2 billion ha, instead of 2.6 today.

Scenario 2 in Table 5 is again taken from Griffon (2006). It assumes that in 2050, in addition to food
production, land is also used to produce second-generation biofuels. In this scenario, 585 million ha are taken out of
the pool of arable land to produce energy, at an average yield of 3.3 tons of oil equivalent (toe) per ha, producing 1.9
billion toe/year. According to A. Miiller in FAO (2006), up to 25% or the World energy needs could come from
biofuels within 25 years. But these 1855 million toe would only represent 8% of the energy needs of the planet in
2050, not 25%, and would reduce the “protected area” to 1 billion ha in 2050.

Water desalination, often mentioned as the solution, is not a realistic option for food production, given its cost
and energy requirements (from 2.5 to 6 kWh/m? for seawater with reverse osmosis). Just to provide an order of
magnitude, if 4000 km?3/y of water (to produce, by irrigation ,the additional food needed from 2000 to 2050) were to
be produced from seawater desalination by reverse osmosis, it would require an amount of energy equal to half of
that produced today per year from the current exploitation of hydrocarbons. Artificially growing food plants without
soil can be efficient, but is also extremely costly, and will most likely not be the solution. Increasing the food
productivity by genetically selected or modified plants is certainly a fascinating research area, but, according to
Tardieu (2005), it is today very difficult to expect significant reduction in plant water consumption, as there is a
trade-off between the evapotranspiration of water through the stomata of the leaves, and the entrance of CO; for
photosynthesis: reducing one also reduces the second. But plants more tolerant to droughts can probably be
developed.

Raising insects to provide animal proteins as feed for farm animals, fishes, or as human food is quite often
mentioned (see Rumpold and Schlueter 2013; Makkar et al. 2014, and FAO 2015b). Today, about two billion
inhabitants of the planet eat insects, but they are mostly gathered, not farmed. The significance of this protein input
in the food balance is unknown, but assumed to be currently very small. Encouraged by FAO, insect farming is
developing rapidly; the bugs can be cooked and eaten, or lyophilized and used as a protein extract which is then
incorporated in food or feed. The energy content of insects varies greatly (FAO, 2012), in general from 90 to 200
kcal per 100 g of raw food, with extreme values for Australian ants (1272 kcal/100g), Ivory Coast termites (535
kcal/100g) or Mexican ants (404 kcal/100g); for comparison, raw meat is on the order of 113 to 208 kcal/100g. Is
this the solution to the food problem? It may help, but it cannot be considered as a real breakthrough. Indeed, when
insects are farmed, they must be fed with vegetal products or with animal or vegetal waste. But then they become
competitors to other “transformers” of vegetal or waste into animal products: with 10 kg of vegetal matter, one can
make 1 kg of beef, 3 kg of pork, 5 kg of chicken, and 7 kg of insects. By using insects, one only increases
productivity by a factor of 1.4, at least with the current species. Many studies are furthermore required to evaluate
the long-term health effects of such food.

Table S. Estimates for the years 2000 and 2050 of the planet food production, based on the cultivated
area of agricultural land, yields, global amount of water consumed (not withdrawn) by humans from the water
cycle (Blue and Green Water), and food needs (adapted from Griffon 2006; Marsily 2007, 2009; Agrimonde
2010; Académie des Science, 2011; Zimmer 2013). All these numbers are highly uncertain and sometimes
based on the assumption of a linear proportion with the population. They are only orders of magnitudes, not
precise estimates.



West Sub
Lati i ) Russi
Area Asia atlfl Asia and Saharan OECD ussta World
America North . + CIS
. Africa
Africa
Area, million ha 2090 2070 1180 2430 3380 2190 13340
Situation in 2000
A itable fi icul
rea suitable for agriculture, 585 1066 99 1031 874 497 4152
million ha
Water resources, thousands of
km?/year
Rainfall 21.6 30.6 1.8 19.9 22.4 9.2 105.5
Green Water 11.9 8.3 1.5 15.5 14.3 2.5 54
Blue Water 9.8 13.2 0.25 4.4 8.1 4 39.7
Exploitable Blue Water and ratio to 9.3 8.7 0.24 4.1 5.6 1.8 29.7
Total Blue Water 95% 66% 96% 93% 69% 45% 75%
Cultivated area, million ha (2000) 439 203 86 228 377 255 1,564
% cultivated 75% 19% 87% 22% 43% 51% 37%
Population, million 3322 538 372 706 987 279 6200
Food need, million tons/year 1310 350 220 250 1020 190 3340
Food production, million tons/year | 1270 425 145 200 1,070 190 3300
Average yield, t/ha 2.96 2.12 1.71 0.92 2.84 0.75 2.11
and m3/t 2830 2420 1860 6150 1040 4600 2480
Water consumed,
thousands km?/y
blue+ green 3.6 1.03 0.27 1.23 ~1.12 0.89 8.14
% of rainfall 16% 3.3% 15% 6% 5% 10% 8%
% Blue Water for irrigation ~30% 11% 53% 3% ~17% 21% 22%
% Green Water ~70% 89% 47% 97% ~83% 79% 78%
Foo.d Peﬁmt/Excess 40 75 75 50 50 0 40
million tons/year
Protected areas, million ha 156 866 14 813 497 242 2588
Situation expected in 2050
Variation of area suitable for agriculture due
to climate change, million ha -40 -40 -10 -20 +80 +80 +50
Resulting area available for agriculture 545 1026 89 1011 954 577 4202
Food need, million tons/y 2720 665 455 800 1300 240 6180
Production scenario 1, 2050
Variation of cultivated area, million ha +51 +346 +4 +500 +80 +80 +1061
Resulting cultivated area 480 546 89 718 457 335 2625
Expected yield, t/ha 4,29 2,33 1,88 1,11 3,38 1 2,35
and variation +45% +10% +10% +21% +20% +33% +12%
Food production, million t/year 2060 1270 170 800 1545 335 6180
Food Deficit/Excess, million tons/year -660 +605 -285 0 +245 +95 0
Protected areas, million ha 65 480 0 293 497 242 1577
Production scenario 2, bio-energy, 2050
Cultivated aFea.l for bio-energy, 25 220 0 120 150 70 585
million ha
Expectejd yield, tons of oil 4 4 0 3 25 ) 32
equivalent (toe)/ha
Energy production, million toe/year | 100 880 0 360 375 140 1855
Protected areas, million ha 40 260 0 173 347 172 992

12
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Thus, the major conclusion of this survey is that additional food will most likely be produced by an increase of rain-
fed agriculture, in those areas where land is still available: mostly South America and Africa, and to a lesser extent,
Russia+CIS and OECD countries, while other regions such as Asia and WANA will not be able to be self-sufficient
in food production. In conclusion, water is not likely to be the limiting factor in controlling the current demographic
growth of the planet; there will be enough land and water to produce the required food in normal years, but with:

— Enormous “Virtual Water” trade between continents, as Asia and North Africa will not be self-sufficient
and must import food, essentially from South America; see for instance Dalin et al. (2012) who have estimated the
current Virtual Water trade at 259 km?/y in 1986 and at 567 km®/y in 2007.

- Dramatic reduction of the biodiversity and of natural ecosystems all over the World, by a reduction of the
“protected areas” on arable land, such as forests and grassland or bush land.

3.  Climate change

The above picture of the World in 2050 is already grim, but let us now look briefly at the prospects for the
effects of climate change. The latest IPCC report (2014) shows that the effects of climate changes are fairly well
predicted as far as the temperature is concerned, for any specified emission scenario, but that their hydrologic effects
are still poorly predicted. Nevertheless, the current prediction is for a global increase in the total rainfall, the
hydrologic cycle being accelerated, with a displacement towards the poles of the climate zones, which have been
described above. In the Northern hemisphere, it will rain more e.g. in Northern Europe, less in Southern Europe and
North Africa, as the Mediterranean climate zone will move North, and more in the tropical zone and in southern
Sahara. The summer season in Southern Europe will be drier and the evaporation higher, requiring greater irrigation-
water supplies. The mountain glaciers will melt partly or totally (e.g. in the tropical Andes). The effects of
temperature and CO: concentration changes on crop yields have been summarized by e.g. Agrimonde (2010) or
Académie des Sciences (2011) but are not considered here in view of an expected impact (£ 5 to 20%) much weaker
than the uncertainties.

The major issue in the present discussion is whether climate changes will also affect the climate variability, i.e.
the frequency or intensity of extreme events, droughts or floods. This is still a controversial issue. The model results
apparently do not show significant changes in the extreme-event frequency, unless a four time’s higher CO;
concentration in the atmosphere is reached, which hopefully will never occur. At the very minimum, climatologists
agree that if the mean of the rainfall distribution is shifted, the whole distribution curve will also be shifted, in the
same direction. In other words, if the mean rainfall increases in one area, then the frequency of floods will increase,
and that of droughts will decrease (or, at the same frequencies, the magnitude of the floods will increase and that of
the droughts will decrease), and vice versa if the mean rainfall decreases.

Whether the shape of the distribution of events will also be modified and not just shifted is debatable. When
observations are considered, a record of about 40 years where a change in climate can be detected on the mean is
very short for detecting changes in the frequencies of extreme events; but the latest [IPCC report (2014) indicates that
the variability of climate seems likely to increase. This would mean higher frequencies of extreme events, floods or
droughts.

In Table 5, it is assumed that because of climate change, 110 million ha of arable land will be lost in the zones

of Mediterranean latitudes, and 160 million ha will be gained in the Northern latitudes because of the warming;
moreover 10 million ha would be lost because of sea-level rise, according to IPCC (2014).

4. Risk of droughts
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Disregarding climate changes, the Earth has always experienced great climate variability, depicted e.g. as the
seven years of fat cows and lean cows in the Bible... Some archaeological studies conducted simultaneously in
Greece and China seem to show that a severe drought occurred in these two countries around the year 400 AD (Cook
2013; Manning 2013) while other researchers suggest that a major climate-change induced drought may have driven
the collapse of the once-flourishing Eastern Mediterranean civilizations towards the end of the 13th century BC, i.e.
the late Bronze Age crisis (Kaniewski et al. 2013). It is likely that such events will occur again, the question is: will
they severely affect food production, and occur simultaneously on different continents? In 1998, following a strong
El Nifio event, there was a large deficit in grain production in China and Indonesia at the same time (Rojas et al.
2014; Lizumi et al. 2014). These two countries were able to import and distribute from the World stocks the required
amount of grain, and no major adverse consequences were felt; the global food stock of cereals, of the order of 400-
600 million tons, which is about 2-3 months of the current global consumption, fell to a very low point, but was
sufficient. This stock has been decreasing regularly in the last twenty years, and, as a result, the cereal prices have
greatly increased since 2006 with a peak in 2010 (the FAO food price index had doubled compared to 1990-2005).
But since 2008, good harvests have brought down prices (in 2015, they are only about 30% higher than for 1990-
2005), and the cereal stocks are back to 630 million tons (March 5%, 2015) representing about three months of the
World cereal consumption (FAO 2015a).

The current theory is that drought situations will occur in the future (Sheffield and Wood 2011), as they did
before, even during the last six decades (Sheffield et al. 2012); droughts are even expected to increase in frequency
and severity in the future as a result of climate change, mainly as a consequence of decreasing regional precipitation
in some areas but also of increasing evapotranspiration driven by global warming (Dai 2013; Trenberth et al. 2014).
However, it is assumed that these droughts will not occur at the same time on all continents, and that a situation of
drought here will be compensated by normal or good harvest elsewhere; therefore, no major food shortage would
occur (FAO 2003, 2006).

This may be true most of the time. But a brief look at history may be of interest here. It is well known for
instance that the major volcanic eruption on Krakatoa in 1883 had a worldwide effect on temperature and rainfall (a
global 5% reduction of rainfall is often mentioned). In 2001, Davis published a historical analysis of the 19" century
famines and reported on two severe drought episodes that occurred in 1876-1878 and 1896-1900, simultaneously
affecting at least Brazil, China, India and Ethiopia. Contrary to the general belief, in this case very serious droughts
occurred at the same time in different places, on different continents; Davis (2001) relates these droughts to very
strong El Nifio events affecting the monsoon zones.

The consequences of the famines in the 19" century were very severe; Davis (2001) mentions, for each case,
around 30 million deaths in China and India only, i.e. a total of 4% of the World population at that time (around 1.5
billion in 1875). The Nobel Prize laureate in economy Armatyra Sen (Sen and Dréze 1999) analysed the same events,
and determined that in most cases of drought, which he called “Food Availability Decline”, the main cause of death
and famines is not the lack of food, but rather the lack of economic resources of the poor farmers whose crops (their
unique source of revenue) have been lost, and who therefore can no longer afford to buy food at the inflated prices.
He showed for instance that the same happened in Ethiopia in 1975, when a drought and agricultural disaster in one
part of the country created a large famine and many deaths, while in other parts of the same country, food was
available, and even the means of transporting it to the famine zone, which was situated along a major highway, but
nothing was done.

In this context, it is interesting to look at observed frequencies of very strong El Nifio events. Ortlieb (2000)
tried to reconstruct, from historical archives in South America, the years of strong and very strong El Niflo events
from 1525 to 1950. In his list, 1876, 1878 and 1899 were indeed very strong El Nifio years, as stated by Davis (2001),
but, on average, such very strong El Niflo events seem to occur about twice every century: they are indeed relatively
rare.
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In conclusion, what this brief survey shows is that once or twice per century, or perhaps more often if climate
changes affect the El Nifio variability (Cai et al. 2014), a major drought period lasting several years may affect
simultaneously several continents, influencing the food production on a global scale (Vicente-Serrano et al. 2011).
Stocks will probably not be sufficient to satisfy the demand, as the current level of stocks, which equals about two-
three months of global consumption, would rapidly be used up, and its transportation to remote places would still be
a problem. The international market prices of food would suddenly become very high, and “Food Availability
Decline” would become a reality, generating famines of unknown magnitude. The poor countries or the poor rural
communities affected by the droughts would be the first to suffer, but may not be the only ones.

There is no reason to assume that this cannot occur. What is however unknown is when: Next year? Ten years
from now? The only means of preventing such a catastrophe would be to very significantly increase the World food
stocks, or water stocks. But where to put the food stocks? Near harbours for easy access and transportation? Who
would pay?

5. Conflicts

Since at least the Neolithic Revolution, people have identified water as a commodity and source of economic
power and have manipulated its flow (Mithen 2012). It is also well-known that throughout the World history,
political and environmental mismanagement, associated with climatic causes, has had a catalytic effect on large-scale
disasters, including the decline/demise of complex societies, such as for example the ancient Maya civilization
(Demarest 2004). This Mayan decline is related to complex and intricate political and environmental reasons (Hodell
et al. 1995; Turner and Sabloff 2012; Masson 2012), where successive dry periods were indeed the culprits (Kennett
et al. 2012; Denommee et al. 2014). More recently, the Sudanese 60-year long war, which started in 1955, has also
been linked to two long-lasting droughts (1967-1973 and 1980-2000), that have caused widespread population
displacement during which thousands died of starvation (Welzer 2012). Similarly, in the ongoing Syrian crisis, water
mismanagement and climatic conditions (Gleick 2014; Kelley et al. 2015) have played a role in the deterioration of
Syria’s economic conditions, magnifying religious and sociopolitical, even geopolitical, factors (Azmeh 2014).

Of course water conflicts are not only related to water scarcity. They may arise due to flooding, water-quality
degradation, but, according to Wolf (1995), for the most part, they are indeed related to water deficits. As shown
above, demographic growth is likely to generate water stresses, or rather, food deficits. Let us cite here two dramatic
examples, Easter Island and Rwanda, as described by Diamond (2005).

(i) Easter Island was discovered in 1722 (at Easter) by the Dutch navigator Jakob Roggeveen. He found a
civilization that was totally isolated, devastated, and whose members thought that they were alone on earth, in the
middle of a big ocean. From the 15" to the 17th century, the inhabitants had destroyed their environment by cutting
down all the trees on the island, only to use them as rollers to move the huge stone statues, the Moai, which served as
emblems of power and nobility to the priests and leaders. The soil erosion and loss of fertility that resulted made it
impossible to feed a population estimated to have been in the range of 3000 to 30000 individuals. In 1680,
approximately, an uprising against the priests and leaders occurred, with massacres and cannibalism, reducing the
population to about 30% of its initial numbers. Food deficit can indeed generate large conflicts...

(i) The second example, Rwanda, is more controversial. In 1994, genocide occurred in Rwanda (see
http://en.wikipedia.org/wiki/Rwandan_Genocide), where 500,000 to 800,000 people (about 11 to 20% of the
population) were killed with machetes over a period of 100 days (from April 6th, 1994 to July 16th, 1994). The usual
explanation is that two local tribes, the Hutus and the Tutsis, went to war for political reasons, the Hutus (usually
laborers), 85 % of the population, having been kept as “second-rate” citizens inferior to the Tutsis (more frequently
landowners), who considered themselves the rulers, following the European colonists who selected this group to be
both privileged and educated. This situation exacerbated the tendency of the few to oppress the many, creating a
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legacy of hatred, resentment and tension that exploded into violence many times before and after the Hutu revolution
(1959) and the independence (1962), henceforth reaching its climax in 1994.

But Diamond (2005) claims that the reality is quite different. He maintains that demographic growth had
been about 3% per year since the 1960s. In 1994, all arable land was exploited, the population density was 760
inhabitants per km?, as high as in England, and the food production, given the local agricultural practices, was
insufficient to meet the needs. In 1985, the agricultural production per capita, after a continuous increase from 1966
to 1981, was back to the level of 1960. For Diamond, this food deficit was the cause of the genocide; as evidence, he
states that in areas where there were few or no Tutsis, the Hutus killed Hutus. Of course there was an existing tribal
rivalry, which was involved in the triggering of the genocide, but the real underlying cause was a food deficit. This
hypothesis is confirmed by a booklet published before the genocide by Belgian agronomists (Wils et al. 1986), who
said that a major food deficit crisis was bound to occur, but nothing had been done to prevent it. In Rwanda, the food
deficit was not a water deficit, the country is very humid and does not lack water, it was an arable-land deficit. But
the consequences are similar: food deficits can results in major conflicts.

Does climate variability (and water scarcity) play an important part in conflicts/violence, or is it expressing
a modern form of environmental determinism? This is an ongoing debate (see e.g. Rahaman 2012; Hsiang and Burke
2014; Cane et al. 2014; Raleigh et al. 2014; Nordas and Gleditsch 2015; Buhaug 2015). Note that Wolf and co-
workers at Oregon State University (see Wolf 1995; Subramanian et al. 2012; Kramer et al. 2013) have studied all
the past water conflicts in the World, and developed a data base, the Transboundary Freshwater Dispute Database
(TFDD, 2015) were all the disputes, conflicts and settlements have been documented. A map of the current 888 “hot
spots” on the planet has been produced, see Wolf (2014). Based on the TFDD, De Stephano et al. (2012) have
developed a map of potential future conflicts in the World in 2050 (Fig. 4). More than half of the basins at high risk
are in Africa (Congo, Niger, Lake Chad), but other basins at risk exist in the Catatumbo basin between Columbia and
Venezuela, in the Middle East, and in Eastern Europe, etc.
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Fig. 4. Potential water-related conflicts in 2050, with the intensity scale (high, medium, low)
from De Stephano et al. (2012)
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6. Conclusions

As predicted by the UN in 2012, the World population growth will put the planet under intense pressure to
produce what will be needed to feed this population, with little place left for producing, at the same time, second-
generation biofuels, and thus to solve the energy challenge. Contrary to current beliefs, water will not be the limiting
factor of food production at the global scale: there is plenty of water on earth, mostly through the water-cycle, and in
some places through the groundwater stocks. The major source of water to be used for food production is Green
Water, i.e. rainwater infiltrated into the upper soil and available to the vegetation for evapotranspiration. The real
limiting factor for food production is the availability of agricultural soils that can be farmed (excluding food grown
artificially without soil, due to its very high costs).

The availability of water and soil is very unequally distributed on earth, compared to the distribution of the
population. In other words, in many places on earth, the population growth will exceed the capacity of the countries
to produce the food they need, as is already the case in some countries. The forecast for 2050 is that Asia (the
continent as a whole) will not be able to feed itself due to a lack of arable land, and West-Asia-North-Africa even
less so, due to a lack of water. Sub-Saharan Africa could have enough water and soils to feed itself, but if, and only if,
intensive agricultural development takes place, mostly by increasing rain-fed agriculture and its yields, and
developing irrigation. The food deficit in Asia and WANA (and in SS-Africa if the required development is not
sufficient) will have to come from the three remaining zones: OECD countries, which need to increase their
production (through irrigation, yield increase and new land farming), Russia and the CIS countries (mostly through
yield increases), and lastly South America (through deforestation); all three zones will have to export “Virtual
Water” to the countries with a food deficit. Sea transport of food is cheap and does not significantly harm the
environment. In places where soils and water are available, but not in the same place (e.g. China, India, etc.),
increasing irrigation by long-distance water transfers will be necessary to reduce the need for “Virtual Water”
transfers.

For the countries that will need to import food, the real problem is to generate, by exports, the income
required to pay for this import. It can be raw materials, e.g. minerals, oil or electric energy produced in arid zones, or
industrial products, or services including tourism. It may happen that a country with water stress will be better off
using the little water it has to produce goods or services rather than food, both in terms of economic and employment
balance.

For countries with both arable land and water, which are obliged to increase their food production, two
options are available: building dams and irrigation systems, or increasing the area of rain-fed agriculture, by
deforestation. Both options have very negative consequences for the environment, the loss of natural ecosystems and
biodiversity. Each situation may be different, and the two options need to be compared in each individual case, but
irrigation is very efficient in reducing the surface area of land that needs to be farmed, since, on a global average, one
hectare of irrigated land produces three times more food than one hectare of rain-fed land. But have we developed
the tools and methodologies to compare the negative effects on the environment of each option, and to develop the
best mitigation strategies to minimize these effects?

However, the World can sometimes experience very severe food deficits, both spatially and temporally, when
the rains fail. In such situations, we have seen that tragic conflicts or genocide can happen. The monsoon zone seems
to be the most fragile in that respect, with historical famines which had extremely severe death tolls, e.g. in the 19%
century, most likely linked to very strong El Nifio events, lasting several years. Very intense volcanic eruptions can
also have drastic effects on rainfall, temperature and global food production. The World is not protected against such
food deficits, even if the last large famines occurred more than a hundred years ago. The only way to protect the
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World population against such events is to create stocks. However, economists do not favour food stocks, because of
their costs, or consider them only as regulators of market prices. On March 6, 2015, China indicated however that it
would increase by 33% its budget for agricultural stocks, up to 24 billion dollars, or from 200 million tons to 250
(these are estimates, the exact numbers are state secrets). This looks as a very wise decision, and other countries
should follow that route. But as hydrologists, we can offer an alternative: create water stocks. See for instance the
immense social benefits that Egypt enjoyed with the construction of the Aswan dam: several episodes of droughts
(and of floods) were prevented thanks to the dam, even if its environmental consequences were severe. No Egyptian
would deny that. But how can we store water? We can build more dams, of course; the current volume of water
stored in dams is about 8500 km? (Chao et al. 2008), and it could be increased, notwithstanding their environmental
consequences.

But there is a better alternative: storing water underground in aquifers. The volume of water naturally stored
in aquifers is huge: 15 million km?. There is room for water storage in aquifers equal to 600,000 times the current
amount of water stored in dams! Artificial recharge of aquifers has been tested in many places (see e.g. Dillon et al.
2009) and can be implemented relatively easily. In drought-prone areas, the aquifers should be recharged artificially
in order to store water for “bad times”, instead of being depleted as is currently the case. In areas where the aquifers
are brackish, it is possible to inject freshwater and create “lenses” of fresh water within the brackish aquifer, where
mixing would occur only at the interfaces.

This should be the major task of the next generation of hydrologists: take good-quality surface water from
rivers, when there is plenty, treat it, and store it underground (where it does not evaporate) in aquifers, to provide
water and food in case of drought. Tools such as GRACE satellite mission can be an efficient way to monitor the
global amount of water stored on earth.
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