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Abstract: Irrigated production around the world has significantly increased over the last decade.
However, climate change is a new threat that could seriously aggravate the irrigation water supplies
and request. In this study, the data is derived from the IPCC Fifth Assessment Report (AR5).
For the climate change scenarios, five Global Climate Models (GCMs) have been used. By using
the CROPWAT approach of Smith, the net irrigation water requirement (IRnet) was calculated.
For the estimation of the potential evapotranspiration (Epot), the method in Raziei and Pereira was
used. According to representative concentration pathway (RCP) 4.5, these increases vary between
0.74% (North America) and 20.92% (North America) while the RCP 8.5 predict increases of 4.06%
(sub-Saharan Africa) to more than 68% (North America). The results also show that the region of
Latin America is the region with the large amount of IRnet with coprime value between 1.39 km3/yr
(GFDL 4.5) and 1.48 km3/yr (CSIRO 4.5) while sub-Saharan Africa has the smallest IRnet amount
between 0.13 km3/yr (GFDL 8.5) and 0.14 km3/yr (ECHAM 8.5). However, the most affected countries
by this impact are those in sub-Saharan Africa. This study will probably help decision-makers to
make corrections in making their decision.
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1. Introduction

The increasing speed of climate change and related changes in rainfall have officially influenced
biological systems and biodiversity on Earth [1]. Indeed, agriculture and environmental change
are deeply intertwined. Ecological changes are now having an impact on the agri-food sector, with
implications that have unevenly adapted to the world. Future environmental changes are likely to
harm crop production in low-perch countries, while the consequences in the Nordic are likely to be
less affected. Besides, environmental changes will likely create a danger of food insecurity for some
powerless gatherings, such as the poor. The World Health Organization (WHO) assessments over
the last 30 years have already helped more than 150,000 victims per year due to global warming
and precipitation trends caused by anthropogenic climate change [2]. Many other studies have been
undertaken to examine the impact of climate change on animal and plants health [3–8]. According to
some studies on a global scale, regional variations associated with climate change are not expected to
lead to significant changes in food production over the next century [5,9]. Several simulation models
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have been made about climate change [10]. The majority of climate simulation models show: an
increase in the global temperature average; the temperatures are projected to increase between 1.4 and
5.88 ºC by the end of this century; a related rise in sea level is also expected [11]. The impact on the
economy was also studied [12–16], with developing countries expected to suffer most of the damage
caused by climate change, while the wealthiest countries are likely to be less affected [17–19].

Precise and multi-variable predictions of anthropogenic climate change are needed to assess the
effects [20]. Several studies have addressed the problem of the impact of climate change on agriculture.
Several aspects of the question were analyzed. One of the topics is the impact of climate change on
irrigation [21–24]. Among the sectors of water use, irrigation will be most influenced by the effects
of climate change [25–31]. Agriculture and mainly irrigated agriculture is the sector with by far the
primary consumptive water use and water withdrawal. To assess the gravity of irrigation on the
available water resources, an estimate has been made mutually for the irrigation water requirement and
also, irrigation water withdrawal [32]. Irrigation ensures summer production and produces valuable
crops that would otherwise be impossible to cultivate [33,34].

Nevertheless, the effects on regional and local food supplies in some low latitude regions could
amount to significant percentage changes in current production [35]. Asia’s intensive agriculture
consumes 20% of its internal renewable resources, of which more than 80% goes to irrigation. In most
low-rainfall areas of the Middle East, North Africa, and Central Asia, most of the exploitable water
is already very scarce, with 80–90% of this water destined for agriculture. Rivers and aquifers are,
therefore, operating beyond their sustainable levels. In the long list of possible problems from
worldwide warming, the menaces to world agriculture stand out as among the most important [36].
Regional predictions are needed for improving the assessments of vulnerability to and impacts of
change [37].

Several recent articles have focused on the impact of climate change on plant production [38–40],
but also on how to adapt to climate change [41–44]. In 2002, Petra Doll and Stefan Siebert presented
a global model on the demand for irrigation water. The model simulates the cropping patterns,
the growing seasons, and the net and gross irrigation requirements, distinguishing between two
crops, rice and non-rice [45,46]. The correspondence between their model results and independent
assessments of irrigation water use is considered to be adequate for applying the model in global and
continental studies.

In this study, the variations in long-term averages of precipitation and temperature are the only
characteristics that define climate change. In our agro-climatological approach, one cereal was selected
and it was assumed that it was planted under optimal conditions for their growth. Any change in the
dimension and location of the flooded areas due to an adaptation to climate change or for any other
reason were neglected. In addition, the increase in CO2 and its direct effects crops had to be ignored
due to insufficient quantitative knowledge.

Therefore, based on IPCC-5 data, the purpose of this study was to: First, to estimate the variation
of IRnet of maize in the past and the future around the world; second, to map this variation. At the
end of this study, it is possible to observe the evolution of the IRnet under the effect of climate change
according to the models.

2. Materials and Methods

2.1. Data

In this study, climate change data were derived from the IPCC Fifth Assessment Report (AR5)
(http://www.ipcc-data.org/sim/gcm_global/index.html). Climate change scenarios were utlized from
five GCMs (CSIRO, ECHAM.MPI-ESM-LR, GFDL.ESM2G, MIROC5, and NCAR.CCSM4), moreover
for each model two representative concentration pathways (RCP) were chosen. They were RCP
4.5 and 8.5. The global map of the currently irrigated areas has been uploaded to the food and
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agriculture organization (FAO) website (http://www.fao.org/nr/water/aquastat/irrigationmap/index10.
stm). This map represents the totality of the growing regions irrigated in 2005.

2.2. Net Irrigation Requirement Model

Following the CROPWAT approach of Smith [47], the net irrigation requirement per unit irrigated
area through the growing season is calculated, with a daily time step, as the variance between the
effective precipitation and the crop-specific potential evapotranspiration as:

IRnet = kc.Epot–Pe f f i f kc.Epot > Pe f f (1)

IRnet = 0

Otherwise, with IRnet instead of the net irrigation requirement per unit area [mm/d]; Peff is the
effective precipitation [mm/d]; Epot is the potential evapotranspiration [mm/d]; kc is the crop coefficient.

The crop coefficient, kc, depends on the crop type (maize) and the day of the growing period. Peff
is the fraction of P (the total precipitation) that is accessible to the crop and does not run off. Without
detailed site-specific information, Peff is very hard to determine. A simple estimate following the USDA
soil conservation method is used, as cited in Smith [47], with:

Pe f f =
P(4.17− 0.2P)

4.17
f or P < 8.2 (2)

Pe f f = 4.17 + 0.1P f or P ≥ 8.3 (3)

CROPWAT uses monthly rainfall data from which 10-day-averages are derived as input for the
calculations [47]. The application of Equation (1) with daily rainfall values, i.e., the days with and
without precipitation, would lead to a gross overestimation of the net irrigation water requirement.

For the estimation of Epot, the method in Raziei and Pereira [48] was used. By replacing Ra by
his equation:

Epot = 0.0135 kRs
Ra
λ

√
Tmax − Tmin(T + 17.8) (4)

Rs = kRs
√

Tmax − Tmin(T + 17.8)Ra (5)

where:
Ra =

Rs

kRs
√

Tmax− Tmin
(6)

In addition, assuming that kRs = 0.17 in Equations (4) and (6), Equation (4) gives after simplification:

Epot = 0.0135
Rs
λ

(T + 17.8) (7)

where Rs is the solar radiation (MJ/m2/day). It was obtained by adding the surface down-welling
shortwave flow air and surface down-welling longwave flux in the air; λ is commonly equal to 2.45;
T is the mean temperature (◦C); Ra is extraterrestrial radiation (MJ/m2/d);

2.3. Climate Input

The temperature and precipitation data of each model was converted according to the units of
the different formulas. The same method was applied for the solar radiation data, which was also
calculated for each day from 1960 to 2050. After having calculated the Peff from Equations (2) and (3),
as well as the IRnet (Equation (1)) and the potential evapotranspiration Equation (7) of the selected
plant (according to the data of the five models), the results were used in ArcGIS to observe more closely
the evolution of the net irrigation of the plant.

http://www.fao.org/nr/water/aquastat/irrigationmap/index10.stm
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3. Results

According to the FAO global map of irrigation areas, the amounts of irrigation water (IRnet) vary
from one model to another, but also from one RCP to another of the same model. The period 1960–1999
is considered here as being historical years. The year 1960 is the year of reference. The period 2050 is
be regarded as the future, which allows appreciating the evolution of IRnet.

3.1. The Net Irrigation Water Requirements (IRnet) for Historical Period

3.1.1. The IRnet in 1960

The region of Latin America and the Caribbean has a total IRnet more than 1.34 km3/year, followed
by the East Asia and Pacific region with a quantity of 1 km3/yr. The parts of the Middle East and
North Africa with only 0.25 km3/yr front the region of sub-Saharan Africa with 0.13 km3/year (Table 1).
Figure 1 shows the distribution of FAO areas in 2005. This study observed that areas using large
quantities of IRnet are located between the latitude of Cancer and that of Capricorn, which are located
respectively north and south of the equator. The quantities vary between 2000 and 2500 mm/year.
The countries that lie beyond these two latitudes, there are quantities between 160 and 1800 mm3/year.

Table 1. Historical regional net irrigation water requirement.

YEAR Region Surface
(km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of Irnet
(km3/yr)

1960 Latin America and Caribbean 673.68 710.13 2520.92 1992.63 1.34
South Asia 327.56 583.75 2374.34 1835.98 0.60

Sub-Saharan Africa 63.39 1431.73 2423.92 2028.61 0.13
Europe and Central Asia 395.01 159.76 1716.05 873.67 0.34

Middle East and North Africa 154.29 1018 2241.11 1613.53 0.25
East Asia and Pacific 709.39 383.82 2370.29 1404.84 1.00

North America 729.38 205.72 2082.77 1105.92 0.81
1999 Latin America and Caribbean 673.68 727.22 2570.09 2025.22 1.63 1.36

South Asia 327.56 626.89 2390.15 1861.01 1.36 0.61
Sub-Saharan Africa 63.39 1438.55 2453.89 2070.11 2.05 0.13

Europe and Central Asia 395.01 173.77 1741.73 915.47 4.78 0.36
Middle East and North Africa 154.29 1061.68 2285.73 1663.75 3.11 0.26

East Asia and Pacific 709.39 399.29 2417.71 1441.97 2.64 1.02
North America 729.38 246.46 2108.19 1135.32 2.66 0.83

Surface = total irrigation area according to the FAO in 2005, Min = the minimum value of the Irnet in the region,
Max = maximum value of the Irnet in the region, Mean = the average of Irnet in the region, Variation of Irnet =
comparison of Means compare to 1960, Total of Irnet = global irrigation water requirement used.
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3.1.2. The IRnet in 1999

Figure 2 shows the evolution of the IRnet in 1999. There is an increase in IRnet in a global manner.
As a result, the region of Europe and Central Asia, for example, saw a rise of 4.78%, as did the East
Asian and Pacific region with an increase of 2.64%, compared with 1960. However, the region of Latin
America and the Caribbean has the highest IRnet total at 1.36 Km3/year followed by the East and
Pacific region (1.02 km3/yr) and the region of North America (0.83 km3/year) (Table 1).
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Figure 2. Historical net irrigation water requirement in 1999. The same irrigated area than in 1960 is
used the same in Figure 1.

3.2. Net Irrigations Requirements for Future Climate Projections

3.2.1. Climate Data from the CSIRO Model under RCP 4.5 Emissions Scenarios

Figure 3 shows the distribution of IRnet, according to RCP 4.5. As a result, the regions around the
equator have IRnet between 2400 and 3100 mm/year, while at the level of the Arctic Circle, it is 210
and 990 mm/year. However, North America and the Middle East and the North Africa region have an
increase of 15.62% and 11.07% respectively (Table 2). Furthermore, it should be noted that the region of
Latin America and the Caribbean has the highest total of IRnet with more than 1.48 km3/year, followed
by the region of East Asia and the Pacific and the region of North America.

Table 2. CSIRO regional net irrigation water.

RCP Region Surface
(km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of Irnet
(km3/yr)

4.5 Latin America and Caribbean 673.68 759.35 3120.93 2199.48 10.38 1.48
South Asia 327.56 720.48 2597.77 2034.26 10.80 0.67

Sub-Saharan Africa 63.39 1515.65 2610.28 2161.83 6.57 0.14
Europe and Central Asia 395.01 239.24 2572.42 940.88 7.69 0.37

Middle East and North Africa 154.29 1089.54 2500.36 1792.10 11.07 0.28
East Asia and Pacific 709.39 482.16 2518.66 1547.89 10.18 1.10

North America 729.38 211.97 2220.06 1278.71 15.62 0.93
8.5 Latin America and Caribbean 673.68 751.64 3030.97 2175.67 9.19 1.47

South Asia 327.56 772.23 2597.77 1999.00 8.88 0.65
Sub-Saharan Africa 63.39 1539.50 2702.80 2190.63 7.99 0.14

Europe and Central Asia 395.01 247.37 1814.57 976.65 11.79 0.39
Middle East and North Africa 154.29 1149.25 2409.28 1747.95 8.33 0.27

East Asia and Pacific 709.39 512.35 2529.23 1528.12 8.78 1.08
North America 729.38 249.81 2226.86 1290.68 16.71 0.94

Same than Table 1.
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than in 1960 is used the same in Figure 1.

3.2.2. Climate Data from the CSIRO Model under RCP 8.5 Emissions Scenarios

According to RCP 8.5, Latin America and the Caribbean have the highest IRnet quantity at
1.47 km3/year, followed by the East and Pacific region and the region of North America. However, the
North American region is expected to have the most significant increase with more than 16% (Table 2)
compared to 1960, followed by Europe and Central Asia (11.79%). Figure 4 shows the distribution of
IRnet. As a result, the countries around the equator have an Irnet between 2300 and 3000 mm/year,
while around the Arctic Circle, it is 250 to 990 mm/year.Climate 2019, 7, x FOR PEER REVIEW 7 of 20 
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than in 1960 is used the same in Figure 1.

3.2.3. Climate Data from the ECHAM Model under RCP 4.5 Emissions Scenarios

In Figure 5, the value of the IRnet is between 240 and 2800 mm/year. The countries above
the latitude of Cancer have an Irnet between 240 and 2000 mm/year. According to RCP 4.5, the
Latin American and Caribbean region has a large Irnet total of 1.43 km3/year (Table 3), followed by the
North American region, and the region of Europe and Central Asia. However, the region of Europe
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and Central Asia increased by more than 16% compared with 1960, followed by the North American
region, with an increase of 11.83%.
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Figure 5. Net irrigation water requirement of ECHAM model in 2050 (RCP4.5). The same irrigated
area than 1960 is used the same in Figure 1.

3.2.4. Climate Data from the ECHAM Model under RCP 8.5 Emissions Scenarios

Figure 6 shows that the amount of IRnet varies between 260 and 2800 mm/year. The small
quantities are mostly observed around the poles. However, between Cancer and Capricorn latitude,
the values are quite high between 2300 and 2800 mm/yr. Compared with 1960, the region of the
Middle East and North Africa and part of Europe and Central Asia have an increase of more than 13%,
followed by North America (10.93%). However, the region of Latin America and the Caribbean has the
highest total of IRnet with a quantity of more than 1.45 km3/year, followed by the area of East Asia and
the Pacific with over 1.12 km3/year (Table 3).
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Table 3. ECHAM regional net irrigation water requirement.

RCP Region Surface
(km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of Irnet
(km3/yr)

4.5 Latin America and Caribbean 673.68 702.98 2828.20 2116.19 6.20 1.43
South Asia 327.56 706.12 2537.35 1997.27 8.78 0.65

Sub-Saharan Africa 63.39 1501.70 2679.44 2187.80 7.85 0.14
Europe and Central Asia 395.01 242.69 1725.62 1015.36 16.22 0.40

Middle East and North Africa 154.29 1151.41 2407.62 1772.93 9.88 0.27
East Asia and Pacific 709.39 470.50 2519.95 1522.59 8.38 1.08

North America 729.38 328.15 2226.51 1236.71 11.83 0.90
8.5 Latin America and Caribbean 673.68 723.29 2808.93 2151.61 7.98 1.45

South Asia 327.56 738.32 2538.45 2024.69 10.28 0.66
Sub-Saharan Africa 63.39 1563.68 2683.62 2212.08 9.04 0.14

Europe and Central Asia 395.01 262.36 1796.76 988.77 13.17 0.39
Middle East and North Africa 154.29 1181.75 2451.36 1825.45 13.13 0.28

East Asia and Pacific 709.39 457.14 2534.39 1577.15 12.27 1.12
North America 729.38 287.19 2252.33 1226.80 10.93 0.89

Same than Table 1.

3.2.5. Climate Data from the GFDL Model under RCP 4.5 Emissions Scenarios

According to RCP 4.5, the quantity of IRnet varies between 230 and 2600 mm/year (Figure 7),
and the countries located near the equator have the most considerable amounts between 2200 and
2600 mm/year. However, those situated, for example, above the latitude of Cancer have relatively low
values, notably the countries near the arctic polar circle with quantities between 230 and 890 mm/year.
However, there is an increase of approximately 7.37% (Table 4) in the European and Central Asian
region. For example, the North American region is expected to increase by approximately 0.75%.
However, the Latin American and Caribbean region has the highest IRnet total at 1.39 km3/year, while
sub-Saharan Africa has a total of 0.13 km3/year.
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Table 4. GFDL regional net irrigation water requirement.

RCP Region Surface
(km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of
Irnet

(km3/yr)

4.5 Latin America and Caribbean 673.68 766.57 2610.37 2070.56 3.91 1.39
South Asia 327.56 722.69 2396.12 1898.11 3.38 0.62

Sub-Saharan Africa 63.39 1421.08 2503.05 2103.97 3.71 0.13
Europe and Central Asia 395.01 233.90 1852.88 938.02 7.37 0.37

Middle East and North Africa 154.29 1152.52 2385.55 1724.59 6.88 0.27
East Asia and Pacific 709.39 431.42 2457.20 1453.15 3.44 1.03

North America 729.38 375.57 2118.83 1114.22 0.75 0.81
8.5 Latin America and Caribbean 673.68 740.60 2728.36 2121.70 6.48 1.43

South Asia 327.56 478.13 2455.81 1975.89 7.62 0.65
Sub-Saharan Africa 63.39 1483.76 2546.20 2110.88 4.06 0.13

Europe and Central Asia 395.01 251.24 1819.90 972.12 11.27 0.38
Middle East and North Africa 154.29 1073.82 2430.30 1709.14 5.93 0.26

East Asia and Pacific 709.39 445.78 2834.22 1491.47 6.17 1.06
North America 729.38 402.83 2224.01 1172.29 6.00 0.86

Same than Table 1.

3.2.6. Climate Data from the GFDL Model under RCP 8.5 Emissions Scenarios

For RCP 8.5, the amount of IRnet varies from 250 to 2700 mm/year (Figure 8). However, the region
of East Asia and the Pacific has a total of 1.06 km3/year behind the Latin American and Caribbean
region (1.13 km3/year), while the region of sub-Saharan Africa has a total of 0.13 Km3/year (Table 4).
However, the European region has an increase of 11.27% over 1960 followed by South Asia (7.62%), the
region of sub-Saharan Africa, for example, has a rise of 4.06%. The countries around the equator have
a relatively large quantity of IRnet. These quantities vary from 2100 to 2700 mm/year. On the other
hand, and the countries around the poles have IRnet between 310 and 910 mm/year.Climate 2019, 7, x FOR PEER REVIEW 10 of 20 
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3.2.7. Climate Data from the MIROC 5 Model under RCP 4.5 Emissions Scenarios

According to RCP 4.5, the range of IRnet varies between 310 and 2700 mm/year. The countries
situated between Cancer and Capricorn have the highest quantities, between 2300 and 2700 mm/year
(Figure 9). On the other hand, countries outside these latitudes and near poles have an amount
between 310 and 1000 mm/year. The region of Latin America and the Caribbean has a total IRnet of
1.44 km3/year (Table 5), followed by the East Asian and Pacific region and the North American region.
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It should be added, however, that the North American part shows an increase of more than 24% while
the sub-Saharan Africa region is likely to increase by only 8.37%.
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Table 5. MIROC 5 regional net irrigation water requirement.

RCP Region Surface
(km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of
Irnet

(km3/yr)

4.5 Latin America and Caribbean 673.68 808.48 2723.54 2139.77 7.39 1.44
South Asia 327.56 629.89 2481.52 2003.80 9.16 0.66

Sub-Saharan Africa 63.39 1549.44 2699.46 2215.85 8.70 0.14
Europe and Central Asia 395.01 306.89 1801.47 1035.56 18.53 0.41

Middle East and North Africa 154.29 1214.59 2538.07 1852.36 14.81 0.29
East Asia and Pacific 709.39 510.65 2506.92 1565.36 11.43 1.11

North America 729.38 309.59 2207.78 1337.30 20.92 0.98
8.5 Latin America and Caribbean 673.68 805.32 2682.33 2135.46 7.17 1.44

South Asia 327.56 644.63 2477.88 2016.45 9.85 0.66
Sub-Saharan Africa 63.39 1585.26 2703.02 2209.22 8.37 0.14

Europe and Central Asia 395.01 334.81 1808.63 1050.90 20.29 0.42
Middle East and North Africa 154.29 1268.99 2515.18 1882.25 16.65 0.29

East Asia and Pacific 709.39 548.55 2519.20 1574.44 12.07 1.12
North America 729.38 300.50 2211.16 1375.57 24.38 1.00

Same than Table 1.

3.2.8. Climate Data from the MIROC 5 Model under RCP 8.5 Emissions Scenarios

With a total of 1.44 km3/year, the region of Latin America and the Caribbean has the most
significant amount of IRnet (Table 5), followed by part of East Asia and the Pacific (1.12 km3/year) and
the area of North America (1 km3/year). The countries close to the equator have the most substantial
quantities between 2200 and 2700 mm/year (Figure 10). It should be added, however, that the North
American region shows an increase of 24.38% followed by the region of Europe and Central Asia with
an increase of 20.29%.
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Figure 10. Net irrigation water requirement of MIROC5 model in 2050 (RCP8.5). The same irrigated
area than in 1960 is used the same in Figure 1.

3.2.9. Climate Data from the NCAR Model under RCP 4.5 Emissions Scenarios

According to RCP 4.5, the region of Latin America and Caribbean has a total net share of
1,699,770 mm/year, followed by the East Asian and Pacific region (Table 6). The countries near the
polar circles have an IRnet between 0 and 270 mm/year, while those between Cancer and Capricorn
have an IRnet between 1300 and 1700 mm/year (Figure 11). RCP 4.5 shows a decrease of more than
57% in the region of Europe and Central Asia, more than 46% in the North American area, and over
39% in the region of sub-Saharan Africa.
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3.2.10. Climate Data from the NCAR Model under RCP 8.5 Emissions Scenarios

Figure 12 shows the variation of IRnet according to RCP 8.5 with extremes between 2200 and
2700 mm/year around the equator and the minimums between 170 and 1000 mm/year near the polar
circles. However, it is the region of Latin America and the Caribbean which has the most significant
amount of IRnet with more than 1.43 km3/year, followed by part of North America and the region of
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East Asia and the Pacific. Besides, the area of North America shows an increase of over 68% (Table 6),
followed by Europe and Central Asia region with 23.20%, while the area of sub-Saharan Africa has
only 5.66%.
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Table 6. NCAR regional net irrigation water requirement.

RCP Region Surface
(Km2)

Min
(mm/yr)

Max
(mm/yr)

Mean
(mm/yr)

Change of
Irnet (%)

Total of
Irnet

(km3/yr)

4.5 Latin America and Caribbean 673.68 170.73 1677.69 1201.25 -39.72 0.81
South Asia 327.56 0.00 1521.43 1085.52 -40.88 0.36

Sub-Saharan Africa 63.39 707.83 1601.78 1228.65 -39.43 0.08
Europe and Central Asia 395.01 0.00 1016.78 368.18 -57.86 0.15

Middle East and North Africa 154.29 406.59 1458.61 936.02 -41.99 0.14
East Asia and Pacific 709.39 0.00 1508.02 732.07 -47.89 0.52

North America 729.38 0.00 1325.51 591.91 -46.48 0.43
8.5 Latin America and Caribbean 673.68 716.76 2691.60 2122.18 6.50 1.43

South Asia 327.56 380.50 2523.66 2002.29 9.06 0.66
Sub-Saharan Africa 63.39 1520.56 2643.69 2143.38 5.66 0.14

Europe and Central Asia 395.01 168.03 1783.16 1076.38 23.20 0.43
Middle East and North Africa 154.29 1090.51 2350.35 1746.61 8.25 0.27

East Asia and Pacific 709.39 421.13 2563.41 1527.91 8.76 1.08
North America 729.38 381.65 2247.39 1865.74 68.70 1.36

Same than Table 1.

4. Discussion

This global study examines and quantifies the impacts of climate change on the net irrigation
needs of IRnet maize and thus provides new information required for an optional production of maize.
The harshness of the effect of climate change on IRnet is evaluated by comparing the impact of climate
change on IRnet in the year 1960 and the year 2050.

By examining the results of the process of this paper (Figure 13), it appears that between 1960 and
1999, IRnet’s overall average was 1550.74 mm/year in 1960, compared to 1587.55 mm/year in 1999. This
represents an increase in the global IRnet average of approximately 2%. The same observation can be
made by comparing the means of the global IRnet in 1960 with the other five models. For example,
for CSIRO, RCP 4.5 presents a total average of 1707.88 mm/year, which is an overall increase of just
over 10%.
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However, according to most of the five GCMs, the sub-Saharan Africa region is the region with the
highest average of Irnet. The values range from 2110.88 mm/year (GFDL) to 2209 mm/year (MIROC 5)
according to RCP 8.5, while RC 4.5 has values ranging from 1228.65 mm/year (NCAR) to 2215 mm/year
(ECHAM). However, the sub-Saharan Africa region is also one of the regions with the smallest variation
of Irnet. Indeed, this region is characterized by its low rainfall and also often confronted with drought.
Most of the countries in this area are generally developing countries, which explains the low expansion
of irrigation. Nevertheless, maize production covers a vast area in Nigeria. It is 7th in the world,
followed by Tanzania and South Africa. The highest producers are South Africa, which is 9th in
the world, followed by Nigeria, and Ethiopia [49]. According to FAO in 1995, Nigeria produced
6.93 million tonnes of maize (Mt), followed by South Africa with 4.87 Mt and Ethiopia with 1.99 Mt.
For parts that were equipped for irrigation in 1995, to maintain efficient production according to the
result in 2050, Nigeria should reach an IRnet of 2688 mm/year (CSIRO), against 2333.17 mm/year
(CSIRO) for Ethiopia and 1858.15 mm/year (CSIRO) for South Africa. The countries such as Niger,
Mali, or even Chad are at the gateway to the desert (Sahara), and they produced respectively 2000 t,
266,136 t and 62,537 t in 1995. Those countries are expected to improve their production in 2050, by
reaching an IRnet of approximately 2662.14 mm/year for Niger (CSIRO), 2773.05 mm/year for Mali
(CSIRO) and 2754.60 mm/year for Tchad (CSIRO). It can also be the cause of the unfortunate practice of
irrigation. The sub-Saharan African region has the smallest area of irrigation according to the FAO.
As a result, the total water quantity used for irrigation in this region is also the lowest, as predicted by
the different models.

However, the Middle East and North African region has a much lower average than the sub-Saharan
African region. According to RCP 4.5, the region has an average of approximately 1615.6 mm/year,
while the RCP 8.5 predicts an average of 1782.36 mm/year. The North African and Middle East region
have better rainfall conditions than the sub-Saharan region. As a result, the amount of water associated
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with irrigation is much higher. In sub-Saharan Africa, maize is the foremost widely grown crop and
could be stapled nourishment for an assessed 50% of the populace [49]. However, the area of the
irrigation areas is much larger than that of the sub-Saharan African region, so maize cultivation in the
Middle East and North Africa region requires more significant amounts of water due to the increase of
the irrigation area. It should also be added that this region has a much more advanced economy than
that of the sub-Saharan African region. In 1995, maize production in this part of the world, according
to FAO, was negated by Egypt (4.5 Mt), followed by Iran (697,246 t) and Syria (199,000 t). In 2050,
according to ECHAM RPC 8.5 for example, to increase the production in this region, the amount of
IRnet should be approximately 2127.62 mm/year in Egypt, followed by Syria with 1829.01 mm/year
and 1828.41 mm/year in Iran. However, it should be noted that these different quantities concern only
the areas equipped for irrigation in 1995.

The region of Europe and Central Asia is one of the areas with the lowest average of Irnet. In spite
of a reasonably large surface area, this region uses a minimal amount of water for irrigation. The
proportion varies from 859.57 mm/year for RCP 4.5 to 1012.92 mm/year for RCP 8.5. This region is
most often plentiful in rainfall, and in most countries, it rains throughout the year in general. It should
similarly be pointed out that most of this region comprises developed countries, hence the extension of
the irrigation areas in this region. Unlike countries in the sub-Saharan African region, most countries
do not experience more than three or four months of the rainy season. It shows, on the one hand,
the difference in the irrigation surface, but also, on the other hand, the quantity of water used for
irrigation. According to Eurostat, France and Romania alone accounted for approximately 45% of
maize production in Europe in 2017. However, in 1995, according to FAO, France’s production was
12.58 Mt and 9.92 Mt for Romania.

On the other hand, in central Asia, according to the FAO, Afghanistan remains the leading
producer of maize in this zone. In 1995, maize production in Afghanistan was 530,000 t. To maintain
this production or in the perspective of increasing it, France should reach an average IRnet of
1254.55 mm/year in 2050, according to MIROC 5 RPC 8.5. However, according to the same GCM,
Romania should have an IRnet of 1308.17 mm/year against 1462.08 mm/year for Afghanistan, in 2050.

The region of South Asia has a smaller irrigated area than the region of Europe and Central Asia.
However, the South Asian region uses a large amount of water for irrigation. The precipitations in
this region are not as abundant as that in the European and Central Asian region. Nevertheless, the
countries of the South Asian region have economies that are solid enough to support the costs of
irrigation, but also the existence of several water sources to meet the water needs of irrigation. Unlike
the region of sub-Saharan Africa, water sources for irrigation are not always accessible or nonexistent.
According to the models, South Asia is one of the regions that is expected to be moderately affected by
the effects of climate change. Most of the models estimate that the amount of water used for maize
growing will be between 0.6 and 0.62 km3/year. This total amount of Irnet is more significant than that
of the region of Europe and Central Asia. Maize production in this region is dominated by India with
the production of 9.53 Mt in 1995 against 12.04 Mt in 2000 according to the FAO. In 2050, MIROC 5
RCP 8.5 predicts an IRnet of approximately 2151.82 mm/year. Pakistan was the second producer with
a production of 1.50 Mt in 1995 and 1.65 Mt in 2000. The prediction of MIROC 5 is 1879.68 mm/year, to
ensure a better production in 2050.

The region of Latin America and the Caribbean is the region that uses the most considerable
amount of water for irrigation, according to almost all models. The total irrigation values vary from
0.81 km3/year to 1.48 km3/year. The total area of irrigation is expected to be approximately 673.68 km2

far in front of the sub-region of Africa or the region of Europe, and in Central Asia or even in the
South Asian area. It should be pointed out that the region of Latin America and the Caribbean is
often confronted with drought, yet this region is full of enough water source but also a more or less
stable economy to meet the demands of irrigation. However, the Latin American and Caribbean region
uses large quantities of water for irrigation because it has countries with the maximum IRnet used
worldwide, with values of up to 3030 mm/year according to GCS CSIRO RCP 8.5. Ranking third and
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eighth as world maize producers in 2019 by the Index Mundin, Brazil and Mexico are the top two
maize producers in Latin America and Caribbean. in 1995. The production of Brazil was 36.27 Mt,
against 18.35 Mt for Mexico. To ensure sustainable production, the GCM ECHAM RCP 8.5 predicts an
average Irnet of 2465.46 mm/year for 2050 and 2171.20 mm/year for Mexico.

East Asia and Pacific is the second region with the largest area irrigated, just behind the North
American region. China holds most of this area. The East Asian and Pacific region also ranks second
for the total amount of water used in irrigation (Irnet), behind the Latin American and Caribbean
region. However, this region has substantial quantities of the water source. It enables it to cope with
the high demand for irrigation water in most of the countries of this region. It must also be added
that the countries of this region have, for the most part, an economy powerful enough to meet the
requirements of their irrigation. There is notably China, which is the first economic power in the
world. According to MO Xing-Guo [50], the potential evapotranspiration is expected to increase by
8%–16% and 7%–10% in the 2050s. However, the 2019 Index Mundin rankings reported that China
and Indonesia are respectively the second and the eleventh world maize producers. As a result, they
are the first producers of this region. According to the FAO, maize production in 1995 was 112.36 Mt
and 8.25 Mt for Indonesia. Given the growth in demography, especially in China, and to ensure better
production, China is expected to, according to ECHAM RPC 8.5, reach an Irnet of 1433.3 mm/year in
2050. For Indonesia, in 2050, the Irnet is expected to be 2534.72 mm/year. However, the East Asian and
Pacific region is expected to experience an increase in Irnet quantity from 1960.

The North American region is the region with the largest irrigated area. This area is approximately
729 km2, placing this region first in the East Asian and Pacific region. As this large area floods, the
North American region uses a total Irnet amount of 0.81 km3/year at 1 km3/year. This region also has
one of the smallest Irnet averages. The North American region is a region with good rainfall. This
region is one of the areas that has, more or less, water throughout the year. It is also necessary to add
the existence of important water resources. As a result, despite the vast area of irrigated areas, the
region of North America, because of the pluviometry abundance it possesses, can cope with the water
requirements of irrigation. As the world’s largest producer, the United States of America dominates
maize production in the North American region. Its production amounts to more than 380 Mt in 2019.
According to the FAO, the production of maize was 187.97 mm/year in 2000 and the production reached
251.85 Mt. According to the NCAR RCP 8.5, the United States of America is expected to foresee an
Irnet of 1503.05 mm/year in 2050 to ensure production. It should be added, however, that the economy
of this region is one of the most powerful in the world, which could explain the expansion of the
irrigation areas.

According to RCP 4.5, these increases vary between 0.74% (North America) and 20.92%
(North America), while the RCP 8.5 predicts increases of 4.06% (sub-Saharan Africa) to more than 68%
(North America). The region of sub-Saharan Africa is expected to have a slight increase according to
the different models, perhaps due to its already extreme climate, while North America is the region
with the most variation due to climate change. However, NCAR’s RCP 4.5 looks somewhat like an
overall decrease of IRnet. This decrease varies from more than 39% (sub-Saharan Africa) to more than
57% (Europe and Central Asia).

To consider the value of the importance of this study, it is essential to talk about the many sources
of uncertainty. In general, GCMs do not take into account the influence of CO2 on plant physiology.
As a result, there is an underestimation of regional warming and an overestimation of humidity,
particularly in the tropics. Further, the modeling of the wetlands in climate change research on water
wants is not ideal. In this study, only one plant was used for the simulation. However, if the simulation
was carried out with a multicultural mode, this would indicate that these areas are more favored by
climate change than other irrigated areas in the same region of the world. However, determining the
impact of climate change on the water requirements of irrigation requires the inclusion of the different
indirect effects of climate change. Moreover, the economic conditions are an essential factor in any
adaptation, a state that in this study that is not taken into account.



Climate 2019, 7, 124 16 of 19

However, the same conclusions have been observed in other works. As Wenfeng Liu [51] has
shown in his work, the regions as arid desert hot and cold, arid steppe hot and cold, temperate dry
and hot summer, temperate dry and warm summer have a high level of irrigation water requirements.
The same results can be observed in the different pictures in our study. Those regions have the most
elevated amount of irrigation water requirements. The increase is highest in the RCP 8.5 scenario than
RCP 4.5 scenario as Hanqing Xu [52] concludes. If the country is specified, Tianwa Zhou [53] shows
that the irrigation water requirement in his study area which is western Inner Mongolia in China is
expected to be 648 mm under scenario A2 and 639 mm under B2. These values are included in the
predicted interval for this area in 2050 in our study.

5. Conclusions

The analysis of the results shows an increase across the different regions. Fisher [21] estimates that
the impact of climate change on IRnet is very significant, with a 20% increase between 2000 and 2080.
Based on IPCC-5 data, this study also shows an increase in IRnet between 1960 and 2050. However, the
continent of America (the region of North America and the region of Latin America and the Caribbean)
is the continent with the most significant increase of IRnet. According to the RCP 4.5, the continent of
America has the highest total of IRnet which is between 1.24 km3/yr (NCAR) and 2.42 km3/yr (MIROC
5). For the RCP 8.5, it is between 2.29 km3/yr (GFDL) and 2.79 km3/yr (NCAR). The African continent
(the region of sub-Saharan Africa and the Middle East and North Africa) is the continent with the
smallest increase in IRnet as well as the smallest irrigation area. In this part of the world, the amount
of the IRnet is between 0.22 km3/yr (NCAR) and 0.43 km3/yr (MIROC) according to RCP 4.5. For RCP
8.5, the amount of the IRnet in Africa is between 0.39 km3/yr (GFDL) and 0.43 km3/yr (MIROC 5).
On the other hand, the region of North America is the region with the largest area of irrigated area,
followed by the region of East Asia and the Pacific and the region of Latin America and the Caribbean.
The European and Central Asian region has the lowest average of IRnet, followed by the region of
East Asia and the Pacific. In other words, the continent of Europe and of Asia are the continents that
use the least water globally in irrigation. It should be remembered, that RCP 4.5 of the GCM NCAR
predicts, in contrast to other models, an overall decrease in IRnet in all regions of the globe. By using
maps from different models, decision-makers can indeed observe sensitive areas and thus develop a
water distribution policy for more efficient irrigation. Although they show different values, the cards
all have, for the most part, one thing in common: They predict an increase in IRnet. Based on the
data of the IPCC-5, the different models reveal the zones that will face important increases. This way,
decision-makers have to create new water policy strategies to deal with different changes. The previous
work is mainly based on the data of the IPCC-4, while this study can be considered as another version
of the update of the research carried out on the global representation of the IRnet. Thereby, this study
helps decision-makers to make corrections in making their decision, and by interpolation on the other
cultivated plants, to affirm that the result will be more or less the same. Specifically, that is to say, that
the IRnet of the greatest majority of plants of culture will know an important increase, more or less,
depending on the region.
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