


hydrologic, ecological and socioeconomic factors into consideration. Although climate conditions have a
dominant effect on irrigation, sensitivity and uncertainty of climate conditions are not precisely considered
in the assessment of the profitability and potential for irrigation [e.g., You et al., 2010; Zwarts et al., 2005].

On the other hand, climate studies have been carried to quantify how irrigation may affect climate and
what is the main mechanism that modulates irrigation-climate interaction. In an observational study on the
impact of irrigation, DeAngelis et al. [2010] reported that July precipitation increased 15–30% in a broad
region downwind of the Ogallala Aquifer over the Great Plains of the United States mainly around 1950, at
the time when irrigation began ramping up significantly over the Ogallala. This study was based on a long-
term record of station and gridded precipitation observations covering the entire 20th century. Vapor trans-
port analysis conducted by DeAngelis et al. [2010] revealed that the increased evapotranspiration associated
with irrigation is partly manifested in higher precipitation downwind. To investigate the time-varying
impact of observed irrigation changes during the 20th century, Puma and Cook [2010] performed ensemble
simulations using an atmosphere general circulation model forced by a time-varying data sets on irrigation
water withdrawals. They presented global and regional-scale transient impacts on first-order atmospheric
descriptors (e.g., temperature, precipitation, evapotranspiration) due to irrigation. They emphasized that
future climate studies should account for irrigation in a changing climate condition, especially in regions
with unsustainable irrigation resources.

Significant body of modeling studies has been performed to study irrigation-induced land-atmosphere
interactions and their impacts on climate at various spatiotemporal scales [Lo and Famiglietti, 2013; Ozdogan
et al., 2010; Kueppers et al., 2007; Segal et al., 1998; Cook et al., 2011; Sorooshian et al., 2011, 2012; Harding
and Snyder, 2012a, 2012b; Marcella and Eltahir, 2014; Im et al., 2014a]. These studies conclude that irrigation
might affect the climate by altering not only the surface energy partitioning but also the water cycle. How-
ever, the impact of irrigation on climate is still a topic for debate because the response of the climate to irri-
gation in models is quite nonlinear, depending on the location of the region of study, irrigation scheme
used, and other assumptions incorporated into the model [Sorooshian et al., 2012]. For example, anomalous
soil moisture due to irrigation has opposing effects on rainfall over irrigated area, namely the enhancement
of convection from increased low-level moisture and boundary layer energy, and the suppression of con-
vection from irrigation-induced cooling [Harding and Snyder, 2012a, 2012b; Im et al., 2014a]. Since these
processes are simultaneous and interactive, the predictions regarding which process dominates depend on
the climatological conditions at the given region. The impact of irrigation on rainfall is therefore a topic that
deserves further investigations.

Due to its geographical location in a transition zone between wet and dry climates, West Africa is consid-
ered a "hot spot" for soil moisture-rainfall coupling [Koster et al., 2004]. There are several studies that provide
observational or modeling evidence of land-atmosphere interactions over West Africa [e.g., Taylor, 2010;
Knoche and Kunstmann, 2013]. For example, Taylor [2010] showed that the trigger of convection and the
propagation pattern downwind is positively related to the extent of wetland (e.g., Niger Inland Delta) from
24 year (1982–2005) infra-red cloud imagery data. This atmospheric response to wetland could be linked to
a wetland breeze effect driven by the substantial perturbation to daytime sensible and latent heat fluxes
that the wetland introduces. On the other hand, Knoche and Kunstmann [2013] showed that moisture
evaporated from Lake Volta is partly transported and partly lifted by convective process using a regional cli-
mate model with evapotranspiration-tagging algorithm. Through this process, local vertical transport of
water vapor eventually largely determine the distribution of tagged water in remote areas far away from
the source of evaporation. Both studies clearly demonstrate the relevance of evaporated water for subse-
quent precipitation over West Africa, which is line with the work of Eltahir and Bras [1996] that well docu-
mented the role of precipitation recycling concept as a diagnostic tool for understanding the regional
water cycle.

In contrast to the clear evidence for the need for irrigation expansion as well as strong land-atmosphere
interaction, surprisingly few studies investigate the long-term response of the climate of West Africa to irri-
gation. In particular, Im et al. [2014a, hereinafter Im14] studied the impact of large-scale irrigation
(�400,000 km2) on the WAM using a state-of-the-art MIT regional climate model MRCM [Im et al., 2014b],
and emphasized the dependence of the results on the location of irrigated areas. Based on the sensitivity
experiments that were designed to discern the effects of irrigation location and scheduling, Im14 showed
that an optimal irrigation location and scheduling exists that would lead to a more efficient use of irrigation
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water i.e., increases in regional rainfall exceeds applied irrigation water significantly. Although this finding
could have an important implication for many countries in West Africa, it is based on a theoretical approach
that lacks the potential for practical application because of the large-scale nature of land conversion and
associated water use. Large-scale irrigation is defined as an area of about 400,000 km2 using irrigated water
of about 100–300 km3/yr, depending on location. These assumed changes are too large for realistic devel-
opment scenarios, considering that the annual flow of the Niger River basin is about 182 km3 [Andersen
et al., 2005]. The theoretical experiments performed by Im14 have the advantage of enabling clear identifi-
cation of the physical mechanisms driving the response of regional climate to irrigation prior to further
more realistic simulations. In this study, we build on previous theoretical findings regarding the atmospheric
response to irrigation in more practical way by investigating the impact of potential medium-scale irrigation
defined as an area of about 60,000 km2 in West Africa. As the irrigated area is reduced, the water needed to
irrigate the target region becomes significantly less. This reduction is a very critical factor in judging the
potential for irrigation development in areas where available water is limiting. Our analysis focuses on the
rainfall and runoff changes in response to irrigation, and attempts to identify the optimal location and fre-
quency of application of water.

Although this study includes numerical experiments presented within a more realistic framework than
Im14 in terms of area size and water intake for irrigation, its nature is still somewhat theoretical. We do not
make any specific practical proposal or conclusion based on solely the perspective emphasized in this
study. The feasibility of irrigation development must take into account an integrated assessment that con-
siders as many factors as possible across boundaries of disciplinary fields. For example, You et al. [2010]
apply a combined approach including bio-physical and socio-economic fields to assess the potential for
irrigation investment in Africa. They investigate various factors impacting production including geography
of irrigated agriculture, water delivery costs, maximizing additional revenue due to irrigation. In this study
we are attempting to take a step forward and bridge two areas of research: irrigation development and
land-atmosphere interactions. We explore the theoretical question of how a large irrigation project in
West Africa can be located and sized to achieve desirable impacts on the rainfall distribution. This may be
a first step in incorporating land-atmosphere interactions in the design of location and size of irrigation
project.

The specific objectives of this study are 1) to investigate optimal location and timing for water application
in a medium-scale (�60,000 km2) irrigation project that maximizes the increases of rainfall and runoff
upstream from irrigation location and within the Niger basin and 2) to investigate whether the physical
mechanisms shaping the changes of rainfall seen in the large-scale irrigation experiments of Im14 are still
valid in describing the response triggered by medium-scale irrigation, given significantly reduced forcing. If
these objectives are successfully achieved, this study could provide important background to support future
irrigation initiatives over this semiarid region, and then to move forward by considering practical applica-
tions such as smaller-scale irrigation, water collection methods, and the engineering design to deliver irriga-
tion water from the Niger River to the irrigation site.

2. Model Description and Experimental Design

2.1. The MIT Regional Climate Model and Data Used
In this study, the MIT Regional Climate Model (MRCM) is used to examine the effects of medium-scale irriga-
tion on the West African Monsoon system. Based on Regional Climate Model Version 3 (RegCM3) [Pal et al.,
2007], MRCM maintains much of the structure of RegCM3 but with several important improvements, includ-
ing (1) coupling to the Integrated Biosphere Simulator (IBIS) land surface scheme [Winter et al., 2009]; (2) a
new bare-soil albedo assignment method [Marcella, 2012]; (3) new convective cloud and convective rainfall
auto-conversion schemes [Gianotti and Eltahir, 2014a, 2014b]; and (4) modified boundary layer height and
boundary layer cloud schemes [Gianotti, 2012]. To investigate the impact of these newly implemented or
upgraded physical schemes, Im et al. [2014b] completed a series of experiments over the same domain of
West Africa used in this study (see Figure 1a). Based on Im et al. [2014b], simulations of the WAM show a sig-
nificant sensitivity to the choices of the land surface and convection schemes. Compared to the combina-
tions of Biosphere-Atmosphere Transfer Scheme (BATS) land surface scheme and two convection schemes
(Grell with the Fritsch-Chappell closure and standard Emanuel) that are default schemes within RegCM3,
the simulation with the combination of IBIS land surface scheme and the modified Emanuel scheme shows
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the best performance with respect to the rainfall, surface energy balance, and the dynamics of the WAM.
Therefore, we adopt the same version of MRCM for this study. More detailed model description and valida-
tion of MRCM’s performance in simulating the WAM can be found in Im et al. [2014b].

Marcella [2012] and Marcella and Eltahir [2014] introduced a new irrigation scheme within MRCM. The main
features of the irrigation scheme are described in the followings. Recalling the water balance equation for
soil moisture in the irrigated area,

DS5P-R-ET 1 I-D:

Essentially, the change in storage of the soil moisture of a layer, DS, is calculated based on the amount of
precipitation, P, that falls, reducing water that which runs off, R, and that drains into deeper layers, D, and
reducing water that evaporates from the ground/canopy or transpires through plants, ET. Therefore, when
specifying a set value for the root zone soil moisture, in terms of its relative saturation, s, (volumetric soil
moisture divided by porosity), one can use the above equation to calculate the amount of water needed, I,

Figure 1. (a) Model domain and land-use distribution for the CONT and sensitivity experiments. Here superimposed dots indicate the Niger River basin. (b, c) Enlarged view of black out-
line in appeared Figure 1a. Two large black rectangles indicate the irrigated area for EXP3 and EXP4 seen in I14 while small colored rectangles indicate the irrigated areas for sensitivity
experiments used in this study. The experiments with shaded boxes in Figure 1b, EXPA, EXPC, EXPF, and EXPG, are focused on in the analysis. Here the letters inside each rectangle corre-
spond to the experiments denoted in Table 1.
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(A to G) are performed. Irrigation locations are mostly distributed across semiarid regions and carefully
selected to sample latitudinal and longitudinal positions, guided by the results of Im14.

Before describing the details of irrigation locations for individual experiments in this study, we offer a brief
summary of experimental design assumed by Im14, as the current study is motivated by their results. Im14
tested the sensitivity of the climate impact of irrigation with respect to location assuming seven different
locations of large-scale irrigated area, which were referred to as Experiments 1–7, (EXPn, n51,. . .,7). The
location of irrigation is moved in the meridional direction from the coast to the Sahara Desert (5�N–27�N)
and in the zonal direction (10�W–0� and 0�–10�E). The results demonstrate location dependence, showing
a larger sensitivity to latitudinal position rather than longitudinal position of the irrigated area. As the loca-
tion of the irrigation area is moved from the coast northward, the regional rainfall change exhibits a signifi-
cant decrease first, then increases gradually to a maximum corresponding to the location of EXP4 (18�N–
22�N and 10�W–0�), shown in Figure 1, before it declines again. Therefore, in this study the medium-scale
irrigation locations are positioned within two boundaries between EXP4, which is characterized as the opti-
mal position for enhancing the increase in rainfall, and EXP3 (14�N–18�N and 10�W–0�), which exhibits less
increase of regional rainfall but has the advantage in relative ease of water delivery from the river source to
the irrigation field.

The first consideration in the design of the experiments in this study is to quantify the sensitivity of the
impact of irrigation on regional climate to the latitudinal position of irrigation (see Table 1 and Figures 1b
and 1c). Three different latitudinal bands are assigned in EXPA through EXPF, moving progressively from
north to south. EXPA and EXPB are fully included within EXP4 territory, while EXPE and EXPF are located
within EXP3. The extents of EXPC and EXPD lie equally within EXP3 and within EXP4. Each latitudinal band
has two experiments with different longitudinal locations, thus comparing them makes it possible to eluci-
date the sensitivity to the longitudinal location of irrigation. In addition, the EXPG is designed to mimic the
conditions in the Inland Delta of the Niger basin, which consists of braided streams, swamps, and lakes.
Therefore, we simulate approximately the effect of the natural flooding over the Inland Delta that creates a
large swampy area. Hence, EXPG could be interpreted as the closest to actual present conditions.

The water amount for irrigation is determined by the climatological condition (e.g., rainfall amount) and soil
properties of a given location. For example, the rate of infiltration is a function of soil texture, and soil prop-
erties determine the storage capacity of soil moisture of any layer. In the case of EXPD and EXPE, the irri-
gated areas include a higher percent of loam rather than sand or sandy loam, so the water requirements
are relatively larger than others. This is because loam texture types can hold more water, and therefore the
soil moisture values at field capacity are larger [Marcella and Eltahir, 2014]. Given that in the standard experi-
ments (EXPA to EXPG), we use irrigation to force soil moisture close to saturation at every time step from
May to September, unrealistic amounts of water may be required to satisfy that constraint. Therefore, we
perform additional experiments to consider the effect of scheduling. In this case, water is only applied in
the first week of June, July, and August (Table 1). Scheduling works to intermittently supply irrigation water
and limits water use. The difference in water requirements with and without scheduling clearly demon-
strates the efficiency of scheduling in terms of water use. In fact, scheduling makes the irrigation scheme
more realistic and closer to the one practiced in the agricultural sector [Sorooshian et al., 2012]. Too much
application of irrigation water, such as uniformly saturating the soil during the whole irrigation period, is
not necessarily required for crop production, and leads to a significant reduction in water use efficiency.

Table 1. Summary of the CONT and Sensitivity Experiments With Different Location and Scheduling for Irrigationa

Irrigation Area (Lon, Lat) Irrigation Period
Irrigated Water

(km3/yr)

CONT No Irrigation No Irrigation
EXPA/EXPA_S Lon: 8�W–5�W, Lat: 18–20�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 45/12
EXPB/EXPB_S Lon: 5�W–2�W, Lat: 18–20�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 46/13
EXPC/EXPC_S Lon: 5�W–2�W, Lat: 17–19�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 46/13
EXPD/EXPD_S Lon: 3�W–0, Lat: 17–19�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 49/17
EXPE/EXPE_S Lon: 5�W–2�W, Lat: 15–17�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 50/20
EXPF/EXPF_S Lon: 3�W–0, Lat: 15–17�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 44/16
EXPG/EXPG_S Lon: 5�W–3�W, Lat: 14–17�N May to Sep (MJJAS)/First week of Jun-Jul-Aug (JJA) 49/21

aHere irrigated water indicates the volume of water needed for medium-scale irrigation designed by this study.
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3. Comparison of Simulations and Observations Over the Niger River Basin

The performance of MRCM (i.e., CONT) in simulating WAM is comprehensively evaluated against various
observations in Im et al. [2014b]. Generally, the MRCM is capable of reproducing the main features of WAM
in terms of rainfall, clouds, surface energy balance, and large-scale circulation. In particular, the spatial distri-
bution and seasonal variation of rainfall exhibit the reasonable performance, which is comparable to various
state-of-the-art regional climate models participating in the Coordinated Regional Downscaling Experiment
in Africa (CORDEX-Africa) reported by Nikulin et al. [2012]. To keep this paper concise, we avoid duplicating
the validation of all the features of WAM that appeared in Im et al. [2014b]. Instead, in this paper we only
present the basic characteristics of rainfall and runoff focusing on the Niger River basin. The Niger River is
Africa’s third longest river (4200 km), and its basin has a large area (2.27 million km2) with significant poten-
tial for water resources development [Andersen et al., 2005; KfW Development Bank, 2010]. The diverse geo-
graphic and climatic characteristics of the Niger River basin play an important role in shaping availability of
water resources, which in turn affects a range of feasible water resource-related activities (e.g., irrigation).
Therefore, it is important to assess whether our modeling system is capable of adequately reproducing the
observed patterns of hydrological variables over the Niger basin.

Figure 2 shows the spatial distribution of rainfall and runoff averaged for May through September (MJJAS)
derived from CONT simulation and several observations. In general, the simulation results indicate a reason-
able skill in capturing the main features of hydrological variables. First, the simulated rainfall shows a good
agreement with observed patterns in both quantitative and qualitative aspects. For example, the model
successfully reproduces the meridional gradient of rainfall with decreasing amount from the southern Sahel
to northern Africa as well as the localized maxima offshore near the western coast of Guinea along 5�N–
10�N and over the Cameroon Mountains. However, some deficiency of the model is apparent in the

Figure 2. Spatial distribution of climatological (a, c) rainfall and (d, e) runoff derived from the CONT simulation and observed estimates averaged over May to September (unit: mm d21).
Here the red outline in each plot indicates the Niger River basin and its upstream subbasin (west of 0�) used for area-averaged analysis.
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simulated rainfall field which is underestimated in the southwestern coast of the Guinean region and the
coastal region near the Cameroon Mountains. Such a bias is not limited to our model simulation, but rather
seems to be a typical error documented in other regional climate simulations over West Africa [e.g., Flaou-
nas et al., 2010; Sylla et al., 2009; Hernandez-Diaz et al., 2013].

Next, the spatial distribution of runoff reflects reasonably well the hydrological regime in this region. A
hydrologically active area covers the Bani and Benue Rivers, which are the main tributaries of the Niger
River, while the artheic and endorheic area occupies most of the northern arid region which does not con-
tribute to the discharge of the river itself [Descroix et al., 2009]. Basically, the runoff pattern is correlated
with rainfall even though their relationship is not necessarily simple due to the effect of factors such as
evapotranspiration [Fekete et al., 2004] and groundwater contribution to baseflow [Mahe et al., 2005]. In
addition, due to the water transport along the river network, the observed streamflow reflects the time
delay associated with routing of the floods [Andersen et al., 2005]. More specifically, the water originating
from Guinea travels northeast toward the Inland Delta and is joined by water from the Bani River. The Inland
Delta, in the semiarid Sahel area of Mali, is an extensive floodplain that loses a significant fraction (about 44
percent) of the inflows via seepage and evapotranspiration [Andersen et al., 2005]. After passing through
the Inland Delta, a reduced flow continues to flow toward the northeast until it reaches the southern flanks
of the Sahara desert. Then, the river turns back by forming a great bend and changes direction southward.
It eventually reaches the lower Niger River at the Gulf of Guinea after being joined by its largest tributary,
the Benue River.

The hydrology of the Niger river as it reaches the Sahara desert is somewhat unique. Although the river
brings significant amounts of water from the wet southern sources to the fringes of the desert, this water is
not fully utilized by the people living in that region. Instead, some of the water is left to flow back from the
dry region at the border of the Sahara desert to the wetter regions in the South. From the hydrologic point
of view, this situation implies letting water flow from the desert region to the relatively water-rich south.
This is happening in a region where farmers suffer significantly due to interannual fluctuations of rainfall
amounts. This observation may serve as a motivation for irrigation development in this region.

The simulated runoff reproduces the major features of the observed spatial distribution characterized by
localized maxima around the upper basin headwater and downstream over Nigeria. However, some dis-
crepancies are also observed between simulated and observed runoff, particularly over the Inland Delta
and Burkina Faso. In the model, the rainfall is the predominant input variable to derive the runoff, resulting
in very similar spatial patterns between the rainfall and runoff. On the other hand, observed runoff is a
result of more complicated and nonlinear interactions beyond the rainfall pattern, including nonlinearity of
the runoff and evapotranspiration processes [Fekete et al., 2004]. Since our modeling system does not
include a realistic representation of the Inland Delta characterized by a significant reduction of runoff
caused by evapotranspiration, this may translate into significant overestimation of runoff in this upstream
area. Also, ignoring the transport and the delay due to flood routing through the network of channels
results in a significant error in the timing of runoff compared to observations, especially over Burkina Faso.

To provide a more quantitative measure of model performance, the seasonal cycle of rainfall and runoff
averaged over the entire basin and the upstream subbasin of the Niger River are compared against observa-
tions (defined as the area of the basin west of longitude 0�) (Figure 3). For rainfall, the CONT simulation
reproduces the timing of the observed peak in August despite some underestimation, showing a good
phase relationship with the observed rainfall. During the summer season, the simulation tends to produce
higher rainfall amounts in the upstream area than in the whole basin, which is in line with observed pattern.
In contrast to the rainfall pattern, the simulated runoff shows a limitation, not only in quantitative overesti-
mation but also the timing, in particular in the upstream area. The simulation fails to capture the delay
between the peaks of runoff and rainfall, due to the fact that the model does not represent the delay due
to flood routing through channels. While the model tends to produce the rainfall and runoff peaks concur-
rently, the temporal phase of observed runoff tends to shift by 1 month later than the rainfall distribution,
and thus the delayed peak appears in September. In addition to this mismatch in phase, the simulated run-
off significantly overestimates observations in the upstream subbasin even though the simulated rainfall
over that area underestimates observed rainfall during the peak time. Again, such discrepancies are due to
the two limitations of the model: the lack of adequate representation of Inland Delta and associated
swamps, and lack of any routing processes. Indeed, Dadson et al. [2010] showed that kinematic routing that
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converts gridded runoff to river
flow and overbank flow parame-
terization that considers signifi-
cant evaporation loss over the
Niger Inland Delta can lead to
successful reproduction of time
lag between peak rainfall and
peak discharge in this region.
Due to this reason, the problem
is amplified in the upstream area
including the Inland Delta partic-
ularly. Therefore, yearly mean
runoff averaged over this
upstream area is overestimated
up to 44% (CONT_U5176 mm/yr
and GRDC_U5122 mm/yr) while
the error over the whole basin is
only 8% (CONT_W5155 mm/yr
and GRDC_W5144 mm/yr).

For more in-depth analysis of
rainfall, we examine the interan-
nual variability over the Niger
basin for only August (peak time
of WAM). Figure 4 shows the time
series of August mean rainfall
averaged over the whole basin.
Figure 4 also includes the anoma-
lies computed by subtracting

mean climatology for August. The presentation of mean time series gives insight into the pattern of bias in
the different years. On the other hand, anomalies with respect to their respective mean climatology demon-

strate more clearly the ability of
the model to capture observed
interannual variability because of
the elimination of systematic bias
in the underlying mean climate of
the simulation. Generally, the
CONT simulation shows a good
agreement with observed pattern
in the whole basin. The correla-
tion coefficient in the temporal
evolution of CONT simulation
with CRU observation is 0.74,
which is a comparable or higher
value compared to other studies
reported a correlation to
observed summer mean rainfall
over West Africa [e.g., Sylla et al.,
2010a, b]. The MRCM perform-
ance over the whole basin is con-
sidered reasonable.

Analysis of the monthly mean
rainfall may not be sufficient to
assess accurate performance of
the model in simulating rainfall

Figure 3. Monthly mean variation of area-averaged (top) rainfall and (bottom) runoff
over the Niger River whole basin (marked ‘‘W’’ in the plot) and its upstream subbasin
(marked ‘‘U’’ in the plot) derived from the CONT simulation and various observations (CRU
and TRMM for rainfall and GRDC for runoff).

Figure 4. (top) Interannual variation of monthly mean rainfall in August and (bottom) its
anomaly with respect to mean climatology averaged over the Niger River whole basin
derived from the CONT simulation and CRU observation.
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in terms of the frequency and inten-
sity of each rainfall event. Therefore,
we examine the simulated daily
rainfall distribution. Figure 5 shows
the fraction of the simulated rainfall
amount as a function of daily rainfall
intensity averaged over the whole
basin and its upstream subbasin. For
the whole basin, the CONT simula-
tion reasonably reproduces the gen-
eral shape of distribution and the
relative ratio of each intensity range.
However, the model tends to under-
estimate high incidence observed in
the intensity range of 4–8 mm/d
against TRMM distribution. Consist-
ent with the validation of seasonal
cycle, the deficiency of the model
becomes larger in the upstream
subbasin. Underestimation for the
intensities in the broad midrange
and too high incidence of the first
two low intensities is consistent
with the negative bias of mean rain-
fall over the upstream subbasin.
However, the CONT simulation
seems to capture the tail of the
intensity accurately.

4. Results

4.1. The Effect of Irrigation Location and Scheduling on Rainfall Distribution
In this section, we turn our attention to the rainfall changes in response to irrigation by comparing the sim-
ulations from the sensitivity experiments with different irrigation locations and scheduling to the CONT
experiment without irrigation (see Table 1).

First, Figure 6 presents for each experiment the accumulated change in rainfall volume over the whole
domain, land area, Niger River basin and its upstream subbasin relative to the supplied water for irrigation.
A ratio greater than one indicates that irrigation potentially increases water availability since the water
gained due to increase in rainfall is larger than the water required to irrigate, therefore this case is consid-
ered desirable and favorable in terms of water availability. Rainfall increase can occur through the mecha-
nism of remote impact of irrigation because suppressed sensible heat flux due to cooling over irrigated
area leads to the circulation change, which in turn induces an increase in moisture convergence (see the
explanation of Figures 9 and 10). In addition, we carry out a two-tailed t test to examine the statistical signif-
icance of the difference between the CONT and each sensitivity experiment and the bars with black outline
in Figure 6 denote that rainfall changes are statistically significant at the 95% confidence level. Furthermore,
to address the consistency of the pattern of rainfall changes, we also present a fraction between zero and
one that describes the fraction of simulation years with positive rainfall change due to irrigation out of a
total of 20 years. Prior to looking at the detailed features of each individual experiment, this fraction consid-
ered across all experiments gives insight into the general pattern and tendency of the rainfall changes
induced by irrigation location and scheduling.

This graph clearly demonstrates that irrigation has a strong impact on rainfall. The corresponding changes,
their sign and magnitude, depend on the irrigation location and scheduling. Overall, there seem to be two
groups: one group (EXPA, EXPB, EXPC, and EXPD, hereafter Group 1) shows a high ratio of rainfall increase
to irrigation water and the other group (EXPE, EXPF, and EXPG, hereafter Group 2) shows a relatively low

Figure 5. (top) Fraction distribution of the amount of rainfall as a function of daily inten-
sity in August averaged over the Niger River whole basin and (bottom) its upstream sub-
basin derived from the CONT simulation and TRMM observations. Here histogram bin
width is 2 mm/d and the number of x axis denotes the middle value of each bin.
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ratio. Such distinction becomes clearer in the scheduling experiments. The results from the two-tailed t test
also support the different behavior between Group 1 and Group 2. Rainfall increases in Group 1 are more
statistically significant at the 95% confidence level. In addition, the fraction of years with rainfall increase is
generally higher in Group 1 than in Group 2. Thus, the rainfall increase seen in Group 1 is not a random fea-
ture of a specific year, but rather a consistent pattern in different years. In the case of Group 2, a negative
ratio becomes relevant over the upstream subbasin of the Niger basin because it includes an irrigated area
within that subbasin. Due to the local effect of irrigation reported by Im14, a rainfall decrease occurs over
the irrigated area (see the explanation of Figures 7 and 8).

The main criterion to divide the experiments into two groups is the latitudinal location. In the experiments
of Group 1 irrigation areas are located above 17�N while in experiments of Group 2 the irrigated areas are
located below 17�N. Compared to the different behavior between Group 1 and Group 2, longitudinal dis-
placement of the irrigated area seems to be less important as indicated by the relative similarity of the
results of EXPA and EXPB, or EXPE and EXPF. Therefore, it is reasonable to conclude that the sensitivity of

Figure 6. The bar indicates the ratio between accumulated rainfall volume difference (sensitivity experiment minus CONT during MJJAS)
over whole domain (25�W–20�E and 7�S–35�N), its land area, Niger River basin and its upstream subbasin and the amount of applied
water for each irrigation sensitivity experiments. Blue and grey colors indicate the experiments without scheduling and with scheduling,
respectively. Here the bar with black outline denotes statistical significance at the 95% confidence level and the cross mark indicates the
fraction of year with a positive rainfall change. A horizontal red line is located at the ratio "1" that implies the same amount between the
water gained due to increase in rainfall and water required to irrigate.
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