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Abstract: Climate variability and change greatly affect agricultural and water resource management
over West Africa. This paper presents the current characteristics and projected change in regional
crop water demand (CWD), irrigation requirement (IR), and water availability (WA) over West Africa.
Observed and simulated daily rainfall, minimum temperature, maximum temperature, and evap-
otranspiration are used to derive the above agro-meteorological and hydrological variables. For
future periods, high-resolution climate data from three regional climate models under two different
scenarios, i.e., representative concentration pathway (RCP) 4.5 and 8.5, are considered. Evaluation
of the characteristics of present-day CWD, IR, and WA indicated that the ensemble mean of the
model-derived outputs reproduced the prevailing spatial patterns of CWD and IR. Moreover, the
wetter part of the domain, especially along the southern coast, was correctly delineated from the drier
northern regions, despite having biases. The ensemble model also simulated the annual cycle of water
supply and the bimodal pattern of the water demand curves correctly. In terms of future projections,
the outcomes from the study suggest an average increase in the CWD by up to 0.808 mm/day and
IR by 1.244 mm/day towards the end of the twenty-first century, compared to the baseline period.
The hot-spot areas, where there is higher projected increment in CWD and IR, are over Senegal,
Southern Mali, and Western Burkina Faso. In most cases, WA is projected to decrease towards the
end of the twenty-first century by −0.418 mm/day. The largest decline in WA is found to be over
Guinea and most of the eastern parts of West Africa. Despite the current under-utilization of the
existing groundwater resources, the threat of global warming in reducing future WA and increasing
CWD suggested caution on the scale of irrigation schemes and management strategies. The outcomes
from the study could be a crucial input for the agricultural and water managers for introducing
effective measures to ensure sustainability of irrigated farm lands.

Keywords: irrigation requirement; crop water demand; water availability; West Africa; climate
change; regional climate models

1. Introduction

Agriculture is a critical sector for the economy of most countries in West Africa. It
contributes, on average, 23% and 35% to the gross domestic product (GDP) of sub-Saharan
and West Africa [1,2], respectively. Furthermore, about 60% and 65% of the population
are directly or indirectly engaged in a wide range of agricultural activities [1,2] in the
corresponding regions. The population of West African countries is growing by 2.75% per
year, with major cities growing at the rate of 9% per year [3]. This implies that countries
will require more food production to feed the increased population.
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While crop production is the main sector of agriculture, water shortage is the main
limiting factor for crop production [4]. This is because water resources are acute and exhibit
strong spatio-temporal variation, as rainfall is only received during the monsoon months
and the land is dry during the rest of the year. Irrigation has been important to obtain
maximum agricultural yield and to supplement the rainfed system. It is natural to expect
irrigated agriculture to expand to feed the increasing population. Increases in greenhouse
gases (GHG) may alter factors that determine the atmospheric water demand, precipitation,
temperature and, hence, crop water requirement, thereby affecting water planning and
evaluation. Irrigation water needs are highly sensitive to changes in precipitation, tempera-
ture, and carbon dioxide levels. Therefore, any change in water availability and irrigation
water requirements will have a profound effect on agricultural productivity.

Although scientific findings from climate change research have improved our under-
standing of the relationship between global warming and crop water demand, there are yet
huge uncertainties as to when climate will change and how these changes will affect the
supply and demand of water in the future, which is crucial for water resource planners
and farmers. For instance, higher evapotranspiration due to temperature rise suggests a
higher amount of water for irrigation. Higher temperature, on the other hand, will change
the crop physiology and shorten the crop growing period, which in turn will reduce the
irrigation days. This implies that these two competing factors determine the total irrigation
water demand in a future warmer world. Owing to this uncertainty and other reasons,
including the agricultural scale and planting structure suitable for water resources of a
given area, numerous studies have been conducted to investigate the impact of climate
change on irrigation demand, both at the regional and global scale [5–11]. However, a
comprehensive assessment of the present-day characteristics of crop water demand (CWD),
irrigation requirements (IR), and water availability (WA) in terms of their climatology, inter-
and intra-annual variability, as well as a thorough projected assessment for a future warmer
climate from an ensemble of higher spatial resolution regional climate models is yet to be
carried out for West Africa.

The aim of this study is to assess the current characteristics and the projected changes
in crop water demand, irrigation requirement, and water availability over West Africa
using observations, reanalysis data, and regional climate models (RCMs) developed as part
of the Coordinated Regional Climate Downscaling Experiment (CORDEX, [12]). For the
future projection, two emission scenarios were considered. The reliable estimates of CWD,
IR, and WA over the region would help greatly in the rational utilization of available water
resources for irrigation and management practices.

This paper is organized as follows: after this introduction, data and methods employed
in the analysis are described in Section 2. Section 3 presents results and discussion, which
include an assessment of how realistically the RCMs simulate key characteristics during
current climate conditions. This section also provides a detailed analysis of how water
availability, crop water demand, and irrigation requirement will change in future under
the two emission scenarios. Finally, summary and conclusion are provided in Section 4.

2. Data, Models and Methods
2.1. Data and Models

The climate variables used in this assessment are high-resolution daily precipitation,
daily minimum temperature, daily maximum temperature, and evapotranspiration dataset
from various sources. Below is the description of the observational and reanalysis datasets:

The precipitation data considered are those in the Climate Hazards Group InfraRed
Precipitation with Stations (CHIRPS, [13]) daily dataset. CHIRPS uses TIR imagery and
gauge data in addition to monthly precipitation climatology, CHPClim, and atmospheric
model rainfall fields from the NOAA Climate Forecast System, version 2 (CFSv2). Despite
the satellite imageries in CHIRPS being available at higher resolution (0.05◦), it is inter-
polated to 0.25◦ resolution to match the resolution of the fifth generation of the European
Centre for Medium Range Weather Forecasts (ECMWF) reanalysis (ERA5). Daily evapo-
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transpiration as well as daily maximum and minimum temperature fields are obtained
from ERA5 reanalysis. ERA5 reanalysis is produced by combining the Integrated Fore-
cast System with data assimilation at a spatial resolution of 0.25◦ grid and at hourly time
intervals [14].

Three regional climate models (RCMs) participating in the Coordinated Regional
Climate Downscaling Experiment (CORDEX, [12]) framework was retrieved from the
Earth System Grid Federation (ESGF) portal [15]. These RCMs included models from
the Swedish Meteorological and Hydrological Institute, Rossby Centre (SMHI, [16]), the
Climate Limited-area Modelling Community (CCLM, [17]), and the Helmholtz-Zentrum
Geesthacht, Climate Service Center, Max Planck Institute for Meteorology (REMO, [18]).
Common to these regional climate models are the Max Planck’s Earth Systems Model [19]
low-resolution runs that were used as initial and boundary conditions to force the regional
model simulations.

2.2. Methods

The model data obtained for assessment are in daily frequency running from 1976
to 2100. Four analysis periods are chosen: the reference or historical period (1976–2005)
and three future periods representing near future (2011–2040), mid-future (2041–2070),
and far future (2071–2100). For future climate, two RCPs (RCP4.5 and RCP 8.5) were
considered [20].

2.2.1. Derivation of Irrigation Water Requirements and Other Hydrometeorological Variables

Using the above climatological data, the CWD, IR, and WA are derived using
FAO-recommended approaches and simple hydrological balance equations at the grid
point level. It must be noted that this approximation for WA does not consider later inflow
of water from the neighboring grid point.

Here, CWD will be represented by crop reference evapotranspiration (ETo), which
is considered as a proxy for the water requirement under a well-watered condition. Al-
though there are a number of methods available for the estimation of ETo, in this study,
Baier–Robertson [21] and Hargreave [22] methods are employed, due to their simplicity
and the accuracy of estimates as recommended in the FAO paper 56 [23]. The formulation
of each method is given below:

Hargreaves and Samani (hereafter HETo) [22]:

ETo = 0.0023(Tmean + 17.8)(Tmax − Tmin)0.5 Ra

Baier–Robertson (hereafter BRETo) [21]:

ETo = 0157Tmax + 0.158)(Tmax − Tmin) + 0.109Ra − 5.39

where Tmean, Tmax, Tmin, and Ra are the mean, maximum, minimum temperatures, and
extraterrestrial radiation, respectively.

Even if this reference value is not crop specific, it can be parameterized by a correction
factor (crop coefficient, Kc) for each crop type. This correction factor is found to range
between 0.8 and 1 for most crops growing over West Africa [10]; therefore, using the crop
water demand computed using this method can be justified.

The irrigation water need or irrigation requirement (IWN or IR), which is the amount
of water required to sustain a crop, is also derived using the ETo and effective rainfall (Pe),
i.e., IR = ETo − Pe.

Various approaches are proposed to estimate effective precipitation (Pe). For instance,
Doll [5] uses two empirical functions of actual precipitation with a threshold value of
8.3 mm/day. Others follow a look-up table estimated using an empirical method [24]. In
this assessment, it is represented by the actual evapotranspiration (ET) [10]. Here, the actual
evapotranspiration was computed from latent heat flux using latent heat of vaporization
of water.
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For WA, the terrestrial water storage is considered as a proxy of the water available
for crop growth. The WA is computed as the difference between actual rainfall and actual
evapotranspiration, i.e., WA = PR − ET.

These hydrological variables are estimated from observational datasets and from
regional climate model outputs for present-day as well as for three future time horizons
with two representative concentration pathways (RCPs: RCP 4.5 and 8.5). For the climate
change assessment, the length of each time horizon is set to 30 years long, as recommended
by WMO’s guide to climatological practices [25].

2.2.2. Trend Analysis of Hydrological Variables

The first aspect of climate assessment is to evaluate the degree of accuracy of the
CORDEX model-derived hydrological variables in representing the observed characteristics
during the historical period. One of these characteristics is the presence of trends in WA,
IR, and CWD. The Mann–Kendall trend test [26–28] is computed for areal averages to
identify temporal trends. The second aspect of the analysis is to relatively compute the
baseline scenario, for identifying the risk and exposure to the projected change in each of
the three major climatic zones in West Africa: Guinea coast (4–8◦ N); Savannah (8–11◦ N);
and Sahel (11–16◦ N), defined based on land use/land cover, climate, and ecosystem
characteristics [29–32].

2.2.3. Projected Changes in Exposure under Enhanced GHGs

Providing future climate projections of the intensity and exposure of water stress
indicators is certainly vital for effective adaptation to climate hazards. While projections
will be developed using RCP 8.5 and 4.5, emphasis will be given to RCP 8.5 (higher
emissions), because it is representative of the path the global community is currently on.
Furthermore, by planning for higher emissions, it will be less likely to underestimate the
impacts of climate change (and create a lack of preparedness). A comparison of results
from the two scenarios will also be performed, as RCP 4.5 represents emission reductions.
This can help people understand the impact of reducing emissions. In addition, analysis on
changes in WA and IR will be carried out for the selected climatic zones.

3. Results and Discussion
3.1. Validation of CWD, IR and WA Characteristics in Current Climate
3.1.1. Spatial Variability

The spatial pattern of the annual climatology of CWD, IR, and WA based on obser-
vational and ensemble mean climate mode outputs is shown in Figure 1. Climatological
observation-based results reveal lower values of available surface water and higher values
of CWD and IR over the northern arid regions (e.g., from north of latitude 10◦ N). Con-
versely, relatively abundant surface water and low CWD and lower IR are noted over the
southern part of the domain, especially along the southern coastline, as these regions are
reflected by higher rainfall and lower ETo. The regional climate model simulation-derived
crop water and irrigation demand reproduced the observed spatial pattern, although it
shows slight underestimation of CWD and IR over central parts of the region along latitude
15◦ N, and overestimation over Senegal. The highest bias (0.58 mm/day) in WA is noted
over the Guinea coast, whereas the largest bias in IR is noted over Sahel (−0.33 mm/day),
as shown in Table 1. It is interesting to note that the temporal correlation between BRETo
and HETo is greater than >0.95 (Figure S1, in the supplementary document), demonstrating
their close resemblance, despite the fact that the BRETo method produced lower values
of CWD and IR compared to the HETo counterpart, as reflected in the respective biases
(Figure S2). This implies that, according to the BRETo estimation of CWD, irrigation activity
could be practiced over a larger area. It has to be noted that the magnitude of CWD and IR
simulation is more sensitive to the formulation of reference evaporation compared to the
biases in temperature and radiation simulation.
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Figure 1. Annual mean climatology of crop water demand (top row), irrigation requirement (middle
row) (mm/day) from observations/reanalysis data (left), and ensemble mean regional climate model
output computed using HETo (middle) and BRETo (right) methods. Bottom panel is for water
availability computed based on observational and reanalysis data (left) and from ensemble mean
regional climate model outputs (right).

Table 1. Bias (model–observation) in irrigation requirement and water availability (mm/day/year)
averaged over the three climatic zones—Guinea Coast, Savannah, and Sahel.

Bias HETo-ET (Irrig.
Requirement) PR-ET (Water Availability)

Guinea Coast −0.06 0.58
Savannah −0.24 0.33

Sahel −0.33 0.25

The figure also indicated that the ensemble mean generally reproduced the observed
spatial pattern of annual climatology of water availability by delineating the wet regions of
the southern domain accurately. However, the ensemble mean simulation overestimates
the amount of WA of the region and misses the water deficit regions of Western Senegal
but captures the deficit over Lake Chad. The overestimation of WA by the models mean
simulation is mainly due to the overestimation of precipitation (not shown), although the
evaporation is also slightly overestimated.



Atmosphere 2022, 13, 1155 6 of 17

3.1.2. Temporal Variability

Present-day monthly distributions of CWD, IR, and WA for the selected three regions
are shown in Figure 2. In Sahel and Savannah, the WA curve shows a monomodal pattern,
peaking in August following the arrival of the intertropical convergence zone over the
region but bimodal pattern in Guinea Coast. The observed bimodal pattern in Guinea
Coast is not well represented in the model. The model captured the monomodal pattern
very well, despite its overestimation of the peak. CWD and IR undergo a similar migration
of annual cycles, with higher values during late winter/spring months, then decline
and attain lower values during the monsoon season before rising again. The simulated
annual cycle of CWD and IR also follows a similar pattern, suggesting that the models
performed well in this regard. It is also noted that, while both CWD and IR follow a
similar annual cycle, both in observation and models, the annual cycle of IR shows a strong
contrast between summer/early autumn and the rest of the year, suggesting that it is
sensitive to precipitation.

3.2. Projected Changes
Spatial Pattern of the Projected Changes

Figures 3 and 4 show the ensemble mean projected changes in CWD and IR, respec-
tively, computed using HETo and the BRETo methods for future periods compared to the
present day for RCP 8.5 (RCP 4.5) scenarios. In both methods, projected CWD and IR
exhibit the largest increase under RCP 8.5 and for the far-future period. In the medium
term, the average annual CWD and IR are expected to increase by 0.6 mm, with no notable
differences between the RCP 4.5 and RCP 8.5 projections (Figures 3, 4, S3 and S4). The
increase in annual CWD and IR is projected to continue in the latter part of the 21st century.
It is also noted that RCP 8.5 prompts higher irrigation requirements than RCP 4.5. This
substantial difference between RCP 4.5 and RCP 8.5 suggests that mitigation of the rise in
GHG has an impact on the future irrigation water needs. The increased demand and the
greater impact of the RCP 8.5 scenario found in this study are consistent with results from
previous studies conducted for different locations [33].

The projected changes in WA revealed a decline over Guinea and most of the east-
ern parts of West Africa, especially over Nigeria, southern Republic of Benin, and Togo
(Figures 5 and S5). The decline in WA is stronger but not statistically significant for the end
of the century and for RCP 8.5 scenarios. WA is also projected to significantly increase
over parts of Guinea, Sierra Leone, Liberia, southern Côte d’Ivoire and southern Ghana,
especially for mid-future and RCP 8.5 scenarios.

The comparison of the projected changes across the individual models (not shown)
also suggested that the increase in IR is consistent across the three models and with the
ensemble mean, as all the three models agree in the sign of the change, though CCLM
shows a stronger response, while SMHI-RCA shows the least sensitivity to climate change
(not shown). Similarly, the comparison of the projected change in WA also suggested
that the three models agree on the decline in WA by the end of the century, though the
signal is not consistent in the recent future. The disagreement among models in the near-
future projection is expected, as model uncertainty and internal climate variability are
the key sources of uncertainty in the near-future projection, whereas scenario uncertainty
dominates for the end of century projection [34].

It is also noted that future precipitation and evapotranspiration changes are primarily
negative over most of the domain, particularly in Sahel, as shown in Figures 6 and 7. The
decline is intensified and becomes statistically significant in the mid- and far-future periods.
These results are consistent with past studies, which indicated that climate projections for
West Africa are progressively warmer and drier [35,36]. Under these climate scenarios,
future IR are projected to increase in both future periods.
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Figures 8–10 show a time series of the historical and future CWD, IR, and WA averaged
over the three climatic zones - Guinea Coast, Savannah, and Sahel. It is clear that CWD
and IR increase with time, especially in Guinea Coast and Savannah (Figure 8). The rate
of increment in CWD increases significantly with latitude from 0.006 mm/day/year in
Guinea Coast to 0.019 mm/day/year in Sahel in the future time for the RCP8.5 scenario,
particularly towards the end of the century. Although there are increasing trends under
RCP4.5, a significant increment occurred during the middle of the 21st century (Table 2).
Trends in historical IR are positive in all the climatic zones, with a significant increase in
the Guinea Coast (Figure 9). Similar to the CWD, statistically significant increasing trends
are projected in all climatic zones under RCP 8.5. Under RCP 4.5, the trends also increased
significantly in Guinea Coast and Savannah during the mid-21st century. Figure 10 shows
a decrease in WA for Savannah and Sahel. This trend is expected to continue up to the
mid-21st century in these zones, before becoming positive at the end of the century with the
RCP 4.5 scenario. In Guinea Coast, the trends are negative in the last two climate epochs. A
similar signal is expected in Savannah and Sahel with RCP8.5, although the decrease is not
statistically significant (Table 2).
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Table 2. Summary of historical and projected trends in CWD, IR, and WA (mm/day/year) averaged
over the three climatic zones;Guinea Coast, Savannah, and Sahel. Bold values depict significant
trends at 0.05 level.

Episode Period
Guinea Coast Savannah Sahel

CWD IR WA CWD IR WA CWD IR WA

Historical 1976–2005 0.002 0.003 0.009 0.002 0.001 −0.003 0.003 0.002 −0.001

RCP4.5
2011–2040 0.000 −0.001 0.001 0.003 0.003 −0.019 0.005 0.006 −0.007
2041–2070 0.006 0.002 −0.002 0.010 0.009 −0.024 0.010 0.013 −0.015
2071–2100 0.001 0.003 −0.025 0.002 0.001 0.012 0.001 −0.003 0.008

RCP8.5
2011–2040 −0.002 0.001 −0.006 −0.003 −0.001 0.016 −0.002 −0.006 0.014
2041–2070 0.002 −0.000 0.015 0.007 0.006 −0.007 0.011 0.012 −0.005
2071–2100 0.006 0.004 −0.032 0.013 0.014 −0.013 0.019 0.028 −0.010

4. Conclusions and Future Work

This study assessed the present-day characteristics as well as the impact of future
climate change on CWD, IR, and WA over West Africa. Ensembles of regional climate
model simulations were used to derive these hydrological variables for current and future
periods. A comparison of a historical period (1976–2005) with two future periods has
been carried out, namely, the mid-future (2041–2070) and far future (2071–2100) under two
emission scenarios.

Regional climate model simulation-derived CWD, IR, and WA are first validated in
reproducing the present-day characteristics. The results indicate that the ensemble mean of
the model-derived outputs reproduced the prevailing spatial pattern of crop water demand
and irrigation requirement. Moreover, the water surplus part of the domain was correctly
delineated, particularly in the Guinea Coast, from the water deficit regions of north of
latitude 10oN, despite having biases. The ensemble model also simulated the annual cycle
of water supply and the bimodal pattern of the CWD and IR curves correctly.

Projections show that CWD and IR are expected to increase in future warmer climates.
Regions that are expected to experience the largest projected increment in CWD and IR lies
mostly within the Sahel. The strongest increment is noted for the end of the 21st century and
when the RCP8.5 scenario is followed. CWD is projected to increase by 0.75–1.05 mm/day
over Savannah and Sahel by the end of the century. IR is also projected to increase by
1–1.4 mm/day towards the end of the century in the Sahel and parts of Savannah.

Future WA, on the other hand, is projected to decline, particularly for the end of the
century and when the RCP8.5 scenario is followed. For the RCP4.5 scenario, a slight incre-
ment in WA is also noted over parts of Guinea, Sierra Leone, Liberia, southern Côte d’Ivoire
and southern Ghana. The decline in WA is particularly higher over south-eastern parts of
Guinea Coast. The largest decline in WA is noted over Guinea and most of the eastern parts
of West Africa by up to 0.5–0.7mm/day at the end of the century for the RCP 8.5 scenario.

By a comparison of present-day water resource potential per capita, particularly that
of groundwater resources, the region has more resources compared to Europe and Asia [37].
However, the current utilization of both surface and groundwater resources for irrigated
agriculture in the target region is much smaller than any other region in the developing
world. Given these two competing factors (current underutilization of potential resources
and future threat), cautious expansion of irrigation and cultivation of less water-demanding
crops are recommended adaptation strategies to improve near-term food security and
reduce future crop failure frequency. Technological adaptation, such as improvements in
irrigation efficiency, is also another strategy that could partly alleviate some of the problems.
If indeed technologically possible, this adaptation could effectively mitigate many adverse
effects of climate change impacts by reducing groundwater pumping, irrigation water
demand, and decreasing the need for land retirement due to excessive soil salinization [38].

Future work could consider a number of details to explore the sensitivity of key
agro-meteorological and hydrological estimates computed in this assessment. For instance,
t effective precipitation can be computed differently, which potentially yields a different
estimation of IR, and, therefore, future studies should explore various ways of its estimates
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to quantify the uncertainty associated with it. The crop coefficient (Kc) value used in the
computation of crop water demand also assumes values close to unity, which represents the
values for the main crops cultivated in the region. Future assessments targeting different
kinds of crops with smaller values of Kc need to consider changing the values of crop
water demand and the corresponding IR. From the WA side, there is also uncertainty in
future water supply under climate change, due to large variation in projected precipitation
among climate models. It has to be noted that IR and WA projections for planning purposes
depend on changes in population growth and changes in agricultural land use; therefore,
future studies should consider these factors as well.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos13071155/s1, Figure S1: Spatial correlation between
CWD (mm/day) derived from Hargreaves (HETo) and Baier-Robertson (BRETo), Figure S2: Spatial
difference between modelled and observed CWD (mm/day) for (a) HETo and (b) BRETo, Figure S3:
Projected changes in crop water demand (mm/day) computed using Hargreaves (top panel) and
Baier-Robertson (bottom panel) methods for mid-future (left column) and far future (right column)
from the ensemble mean of regional climate models driven under RCP 4.5, Figure S4: Projected
changes in irrigation demand (mm/day) computed using Hargreaves (top panel) and Baier-Robertson
(bottom panel) methods for mid-future (left column) and far future (right column) from the ensemble
mean of regional climate models driven under RCP 4.5, Figure S5: Projected changes in water avail-
ability (mm/day) for mid-future (left column) and far future (right column) from the ensemble mean
of regional climate models driven under RCP 4.5.
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