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Abstract

In 2000, the World population was 6.2 billion; it reached 7
billionin 2012 and should reach 9.5 billion (+0.4) in 2050 and
11 billion (£1.5) in 2100, according to UN projections. The
trend after 2100 is still one of global demographic growth,
but after 2060, Africa would be the only continent where the
population would still increase. The amount of water con-
sumed annually to produce the food necessary to meet the
needs varies greatly between countries, from about 600 to
2,500 m3/year per capita, depending on their wealth, their
food habits (particularly meat consumption), and the per-
centage of food waste they generate. In 2000, the total food
production was on the order of 3,300 million tons (in cereal
equivalents). In 2019, about 0.8 billion inhabitants of the
planet still suffer from hunger 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). Assuming
a World average water consumption for food of 1,300 m3/
year per capita in 2000, 1,400 m3/year in 2050, and 1,500 m3/
year in 2100, a volume of water of around 8,200 km3/year
was needed in 2000, 13,000 km?3/year will be needed in 2050,
and 16,500 km3/year in 2100. Will that much water be avail-
able on earth? Can there be conflicts related to a food deficit?
Some preliminary answers and scenarios for food produc-
tion will be given from a hydrologist viewpoint.

© 2021 The Author(s)
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Introduction

The water that we use has two origins: the freshwater
stocks and the natural water cycle.

Freshwater Stocks on Earth

The water we use comes to 95% from the renewable
water cycle, and only to about 5% from the freshwater
stocks on earth, which are, however, very large (see e.g.,
[3]): 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 ar-
tificial reservoirs [4]. The ice stock is decreasing because
of climate change warming, and today the flow in the riv-
ers from high mountains with glaciers is increased be-
cause of the melting ice.

The groundwater stocks are also decreasing [5, 6]. The
global amount of irrigation water used in the World in
2000 was 2,510 km?/year, out of which 734 km?/year
came from groundwater, including 130 to 250 km?/year
taken from the stocks (i.e., larger withdrawals than the
average annual recharge by rainfall). India, Pakistan,
USA, China, Iran, and Mexico are the major countries
where such excess withdrawals are occurring. But about
5-10% of today’s irrigation water is non-sustainable since
groundwater stocks will eventually dry out. This is of spe-
cial concern for India and China, where the stocks will
last for about 10-30 years.

This article is partly based on references [1, 2].
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Table 1. Climate classification adapted from [11] and life zones from [12], in [10]

Aggregated Holdridge life zones

Continental Population,
surface, % %

Global discharge
(Blue Water), %

Polar and cold Tundra and polar; cold parklands 14.8 3.2 11.9
Cool Forest tundra; boreal forest 11.3 4.0 11.6
Temperate Temperate forest; warm temperate forest 9.9 233 15.2
Steppe Steppe; chaparral 9.7 13.6 1.9
Arid Cool desert; hot desert 18.5 7.9 0.3
Subtropical Tropical semi-arid; tropical dry forest 18.3 24.8 8.8
Humid tropical ~ Tropical seasonal forest; 17.5 23.2 50.3

tropical rain forest

The Water Cycle

The renewable freshwater resources of planet earth,
adapted from [7, 8], are estimated today at 113,000 km?3/
year, which is the total amount of rainfall and snowfall on
the continental surfaces including the Antarctic and
Greenland ice sheets. The fate of this rainwater is:

1. 73,000 km?/year (65%) is stored in the topsoil layer
and returns to the atmosphere, mostly by plant tran-
spiration and by direct evaporation. This amount is
used by rain-fed agriculture and pasture (in 2000,
6,300 km3/year) and sustains the needs of all terres-
trial ecosystems. It is now called “Green Water” [9].

2. 4,000 km®/year (3%) represents the melting of ice-
bergs, broken-off from the Antarctic and Greenland
ice sheets, which melt in the sea.

3. 36,000 km?/year (32%) is the total flow on the conti-
nents, which is called “Blue Water” [9]: 26,000 km?/
year of direct run-off into rivers when it rains, plus
10,000 km3/year infiltrated into the ground beneath
the topsoil layer and feeding the aquifers, which in
turn feed the rivers (7,800 km?/year), or flowing di-
rectly into the seas or endorheic zones (2,200 km?/
year).

In general, the volume of Green Water is not consid-
ered a resource, only the flowing water in rivers or aqui-
fers is taken into account, which constitutes a major error
since, for the year 2000, of the estimated 8,200 km3/year
of water consumed! by agriculture for food, about 6,300
km?/year is Green Water, and only 1,800 km?/year is Blue

! The “consumed” water is that which is evaporated and returns to the at-

mosphere; in irrigation, it represents on average 75% of the withdrawal; in
domestic and industrial use, it represents about 15% of the withdrawal, and
the rest is the return flow which goes back to the continental water cycle.
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Water, used for irrigation, see Table 3. The total surface
area of the continents is 13.3 billion ha, of which approx-
imately 1.6 is farmland, 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.

However, the arable land that is not directly farmed
today, about 2.6 billion ha, is not bare soils: it contains all
the remaining natural ecosystems, from the tropical for-
ests to the northern forests, the grasslands, the bush land,
the wetlands, etc. Transforming more land into farmland
for agriculture, therefore, has an environmental cost of
reducing natural ecosystems and biodiversity.

Thus the global renewable resource of freshwater on
Earth (total rainfall on the continents) is very large, and
today less than 10% of it is used by humans, but the re-
maining 90% are entirely used to sustain the natural eco-
systems and the biodiversity. 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 eco-
systems.

The water resource is unequally distributed on earth.
At high latitudes (cold deserts), precipitation is very low,
less than 200 mm/year. Rainfall increases in the temper-
ate zone, where it reaches 700-1,000 mm/year, then de-
creases (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 zones, to reach an order of 2,300 mm/year. The
same type of climate distribution is found for every me-
ridian and in both hemispheres.

Viviroli et al. [10] have estimated the percentage of the
World population as a function of the climate and vegeta-
tion zones, with the amount of direct river run-off they
receive (Table 1).
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The World population is not distributed in accordance
with the water resource. Figure 1 also shows the areas of
the World with current water shortages from [13-16],
based on Blue Water only. 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 fi-
nance the equipment (dams, canals, irrigation systems. ..).
This zone of “economical scarcity” harbours the 0.8 to 1
billion undernourished inhabitants of the planet today,
not the “physical scarcity” zone. This is very important to
realize, hunger is not, today at least, linked to a lack of
water.

Virtual Water, Example of Tunisia

“Virtual water” [17] represents the amount of water
needed to produce goods that are imported or exported
from one country to another. Here, the goods are agricul-
tural products. Let us consider the case of Tunisia, a coun-
try in the arid zone, see [18, 19]. Tunisia has a surface area
of 164,420 km? and had 10 million inhabitants in 2004. It
has about 5 million ha of agricultural land, 11% of which
can be irrigated. The average rainfall is 220 mm/year, that
is, a rainfall resource of 36 km3/year. Total hydraulic re-
sources (Blue Water) are estimated at 5 km?/year, that is,
3 km?*/year of run-off and 2 km*/year of groundwater. 2.1
km?®/year of surface water can be exploited through dam
construction, and 1.8 km?/year can sustainably be sup-
plied by groundwater. The Green Water infiltrated into
the soil and available for evaporation and consumption
by plants is 23 km?/year, of which 13 km?/year refer to the
whole extent of arable land (5 million ha), and 10 km?/
year 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 2). Animal
products are very demanding compared to vegetal prod-
ucts because animals eat vegetal products, with a low ef-
ficiency of transformation.

Based on the average Tunisian diet, the food water de-
mand in 2004 was about 1,450 m?/year per capita, while
it was only 600 m?®/year in 1960. This strong increase is
due to diet changes by an increase of animal product con-
sumption. With 10 million inhabitants in 2004, the water
demand for food was 14.5 km3/year, when the available
water resource for agricultural production was 10 km?/

Running Out of Water

Table 2. Water needed for food production. Average values of wa-
ter used in m>/t to produce raw food (consumed fraction, not in
dry matter), from [6, 20]

Vegetal product ~ Water needed, Animal Water needed,
m? ! product ~m’t!

Vegetable oil 5,000 Beef 13,000

Rice 1,500-2,000 Poultry 4,100

Wheat 1,000 Eggs 2,700

Corn 700 Milk 800

Citrus fruits 400

Vegetables 200-400

Potatoes 100

Not estimated

M Little or no water scarcity
W Physical water scarcity

Approaching physical water scarcity
M Economic water scarcity

Fig. 1. Physical and economic water scarcity, from [15].

year (Irrigation, Blue: 2 and Rain-fed, Green: 8). Tunisia
was, therefore, in theory, short of about 5 km3/year to
meet its food demand and was obliged to import food
(mostly cereals) as “virtual water” to balance its water
budget. The direct water needs, which include munici-
palities, industry, and tourism, are small (3%) compared
to the agricultural demand.

Sometime in the 1980s, by its demographic growth and
food diet changes, Tunisia became no longer self-suffi-
cient in its food budget (or its water budget). To balance
its financial budget, Tunisia needs to export products or
services to raise the money needed for food import: phos-
phates minerals, textiles, tourism, services, or funds trans-
fer from the diaspora. Provided that food is available on
the international market, the real problem of Tunisia, giv-
en its demographic situation, is not water, and it is how
to raise the money needed to buy food in the internation-
al market.
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Fig. 2. Demographic growth as projected by the UN in 2012, from [27]. World and continental population pro-

jections.a UN 2012 World population projection (solid red line), with 80% prediction interval (dark shaded area),
95% prediction interval (light shaded area), and the traditional UN high and low variants (dashed blue lines).
b UN 2012 population projections by continent. In both panels, the vertical dashed line denotes 2012.

Scenarios for Food Production in 2050

Table 3 (part 1, situation in 2000) is an estimate for
2000 of how much food the Planet produced, with a zona-
tion taken from [21]. Listed per zone are area, area suit-
able for agriculture, water resources (rain, green, and blue
water, potentially exploitable blue water), cultivated area
in 2000, percentage of cultivated arable land, population,
food need, in million tons of cereal-equivalent, average
yield in t/ha, amount of water consumed (blue water,
green water, and % of rainfall), food deficit or excess, and
finally, amount of arable land that is not cultivated and
kept as “natural areas.”

As shown in Table 3, the water consumed by agricul-
ture for the planet in 2000 was 8,140 km*/year: 1.34 billion
ha of rain-fed agriculture, consuming 5,500 km?/year; 3.3
billion ha of rain-fed pasture, consuming 840 km?*/year;
and 234 million ha of irrigated agriculture, consuming
1,830 km3/year. Three major cereals, rice, wheat, and
maize, each representing approximately one-third, con-
stitute 60% of the food consumption. The total food pro-
duction is about 3.3 billion tons of cereal-equivalents per
year, for 6.2 billion people. However, about 1 billion are
undernourished; the amount of the food deficit is about
40 million tons/year, mostly in Asia and sub-Saharan Af-
rica (Fig. 1). The food yield is on average 2.11 t/ha but var-
ies greatly from 0.75 (Russia and the Commonwealth of
Independent States, CIS), 0.92 (sub-Saharan Africa, SS-
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Africa) to about 2.9 (Asia and the countries of the OECD).

The water efficiency (m> of water used to produce 1 t of

cereals) is on average 2,460 m?>/t, with SS-Africa at 6,150

m?3/t, Russia + CIS at 4,600 m3/t, and OECD at 1,040 m?/t.

Note, however, that on average, at the global scale, one ha

of irrigated land produces about 3 times more food than

one ha of rain-fed land according to [26].

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 the ratio of farmland
to arable land is 75 and 87%, respectively (World average:
37%). The major issue concerning food 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.
“Natural” land (arable land, i.e., not cultivated) 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 the
World population, its eating habits, and the wasted food,
the efficiency of food production.

1. Recent UN demographic projections [27] and Figure
2 converge towards 9.5 billion inhabitants in 2050 and
towards 11 billion in 2100.

2. Eating habits and wasted food are more difficult to
predict. Table 2 [20] shows the amount of water need-
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Table 3. 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 [1, 3, 6, 14, 22-25])

Area Asia Latin WANA  Sub-Saharan OECD  Russia + World
America Africa CIS
Area, million ha 2,090 2,070 1,180 2,430 3,380 2,190 13,340
Situation in 2000
Area suitable for agriculture, million ha 585 1,066 99 1,031 874 497 4,152
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 1.5 155 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 total blue water 9.3 8.7 0.24 4.1 5.6 1.8 29.7
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 3,322 538 372 706 987 279 6,200
Food need, million tons/year 1,310 350 220 250 1,020 190 3,340
Food production, million tons/year 1,270 425 145 200 1,070 190 3,300
Average yield, t/ha and m®/t 2.96 2.12 1.71 0.92 2.84 0.75 2.11
2,830 2,420 1,860 6,150 1,040 4,600 2,480
Water consumed, thousands km?/year
Blue + green 3.6 1.03 0.27 1.23 ~1.12 0.89 8.14
Rainfall, % 16 33 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
Food deficit/Excess million tons/year -40 +75 -75 -50 50 0 —-40
Protected areas, million ha 156 866 14 813 497 242 2,588
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 1,026 89 1,011 954 577 4,202
Food need, million tons/year 2,720 665 455 800 1,300 240 6,180
Production scenario, 2050
Variation of cultivated area, million ha +51 +346 +4 +500 +80 +80 +1,061
Resulting cultivated area 480 546 89 718 457 335 2,625
Expected yield, t/ha and variation 4.29 2.33 1.88 1.11 3.38 1 2.35
+45% +10% +10% +21% +20% +33% +12%
Food production, million t/year 2,060 1,270 170 800 1,545 335 6,180
Food deficit/excess, million tons/year -660 +605 -285 0 +245 +95 0
Protected areas, million ha 65 480 0 293 497 242 1,577

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. WANA, West Asia and North Africa.

ed to produce the different types of food, and Table 3
the water actually used per geographic zone and the
yield.

. Agricultural water efficiency (Table 3) is assumed to
increase by 20% by 2050; the same amount of food
could be produced with 20% less water. When the yield
is good (above to 2-3 t/ha), the water consumption per

Running Out of Water

ton is about that of Table 2, but when the yield is low
(about 1 t/ha), the water consumption per ton be-
comes much higher (up to 8 times more) because the
plants are less developed, they do not cover the soil,
and much water is evaporated, not transpired [6, 22].
Griffon [23], Agrimonde [24], and Food and Agricul-

tural Organization [25], for instance, have built scenarios
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of food needs and food production increase for 2050. One
such scenario is presented in Table 3, part 2, for 2050.
Compared to 2000, the increase in food production
should be from 3,300 million t/year to 6,180 million t/
year. 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 happened in
the past 10 years. This food production increase can be
obtained by:

o increasing yields and crop efficiency,

« increasing the amount of irrigated land,

o increasing the amount of cultivated rain-fed land,

« reducing food losses, currently estimated at 30% of

food production [28].

At present, the rate of areal increase in irrigated land
is low, less than 2 million ha/year. The limiting factor is
soils for Asia, and water for WANA. SS-Africa is current-
ly in food deficit, but there is plenty of arable land and
water in SS-Africa, and it could be self-sufficient, as as-
sumed in Table 3, but this requires rapid development of
the agricultural production in SS-Africa, which may or
may not occur. In this scenario, the deficits from Asia and
WANA are met by extra production by Latin America,
OECD countries and Russia-CIS. In 2050, an increase of
about 1 billion ha of rain-fed land would be required, at
the expense of the “protected areas.” This number is
probably excessive; other scenarios produce half or even
a third of that number. If this scenario is extrapolated to
2100, with 11 billion inhabitants, a total production of
7,200 million tons/year of cereal-equivalents would be re-
quired, with 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. Water desali-
nation, often mentioned as the solution, is not a realistic
option for food production, given its cost and energy re-
quirements (from 2.5 to 6 kWh/m? for seawater with re-
verse 0smosis).

Conclusions

As predicted by the UN in 2012, the World population
growth will put the planet under intense pressure to pro-
duce what will be needed to feed this population, with
little place left for producing second-generation biofuels.
Water will not be the limiting factor of food production
at the global scale: there is plenty of water on earth, most-
ly through the water cycle. The major source of water to
be used for food production is Green Water, that is, rain-
water infiltrated into the upper soil and available to the
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vegetation for evapotranspiration. The real limiting fac-
tor for food production is the availability of agricultural
soils that can be farmed, and which need to be protected.
The forecast for 2050 is that Asia (the whole continent)
will not be able to feed itself due to a lack of arable land,
and WANA even less so, due to a lack of water. Sub-Sa-
haran Africa could have enough water and soils to feed
itself, but if and only if, intensive agricultural develop-
ment takes place, mostly by increasing rain-fed agricul-
ture and its yields, and developing irrigation. The food
deficit in Asia and WANA (and in SS-Africa if the re-
quired development is not sufficient) will have to come
from the three remaining zones: OECD countries, which
therefore need to increase their production (through ir-
rigation, 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 irriga-
tion by long-distance water transfers will be required.
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. For countries with both arable land
and water, which are willing to increase their food pro-
duction, two options are available: building dams and ir-
rigation systems, or increasing the area of rain-fed agri-
culture, by deforestation. Both options have very negative
consequences for the environment. Each situation may be
different, and the two options need to be compared in
each individual case, but irrigation is very efficient in re-
ducing the surface area of land that needs to be farmed,
since, on a global average, 1 ha of irrigated land produces
three times more food than 1 ha of rain-fed land.
However, the World can sometimes experience very
severe food deficits, both spatially and temporally, when
the rains fail. In such situations, tragic conflicts or geno-
cide can happen. The monsoon zone seems to be the
most fragile in that respect, with historical famines which
had extremely severe death tolls, for example, in the 19th
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 century ago. To protect the World
population against such events, one must create food
stocks. Yet economists do not favour food stocks because
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of their costs or because they consider them only as reg-
ulators of market prices. On March 6, 2015, China indi-
cated, however, that it would increase by 33% its budget
for agricultural stocks, up to 24 billion dollars or from

200 million tons to 250. This looks as a very wise deci-

sion, and other countries should follow that route. In
case of severe droughts or food deficits, major conflicts
or genocides are indeed likely to occur, as in Rwanda in

1994.

—
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