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Abstract Stabilizing smallholder crop yields under changing climatic conditions in sub-
Saharan Africa will require adaptation strategies focused on soil and water management.
Impact studies of climate change on crop yields often ignore the potential of adaptation
strategies such as rainwater harvesting (RWH). While RWH is bringing benefits to agricultural
systems today, it is still unclear which regions could increasingly benefit from RWH under
changing climatic conditions. Here we employ a continental scale modelling strategy using the
latest CMIP5 data and explicitly take into account design factors of RWH to show that it is a
valuable adaptation strategy to climate change in Africa for maize (Zea mays L.). We find that
RWH can bridge up to 40 % of the yield gaps attributable to water deficits under current
conditions and 31 % under future (2050s) climatic conditions during the main growing season
for maize, hence providing an alternative to irrigation from scarce or inaccessible groundwater
resources. RWH could increase maize yields by 14–50 % on average for the 2050s across
Africa, by bridging water deficits. While in situ RWH strategies show great biophysical
potential as an adaptation strategy to climate change, there remain locally specific barriers to
their adoption, which will need to be addressed to ensure their successful implementation at a
larger scale.

Keywords Rainwater harvesting . Climate change adaptation . Climate change impacts

Water Resour Manage (2015) 29:4803–4816
DOI 10.1007/s11269-015-1091-y

Electronic supplementary material The online version of this article (doi:10.1007/s11269-015-1091-y)
contains supplementary material, which is available to authorized users.

* S. Lebel
eesl@leeds.ac.uk

1 Sustainability Research Institute, School of Earth and Environment, University of Leeds, Leeds LS2
9JT, UK

2 Institute for Climate and Atmospheric Science, School of Earth and Environment, University of
Leeds, Leeds LS2 9JT, UK

3 Soil Physics and Land Management Group, Wageningen University, Wageningen, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s11269-015-1091-y&domain=pdf
http://dx.doi.org/10.1007/s11269-015-1091-y


1 Introduction

Rainfed agriculture remains to this day the predominant form of crop production in sub-Saharan
Africa, with at its highest 21 % of the total cropland harvested irrigated in Southern Africa, and
a meagre 1 % irrigated in West Africa (Portmann et al. 2010). The expansion potential for
irrigation is very limited and hence solutions to increase food security and decrease poverty will
have to rely on alternative water management strategies (Rockström and Falkenmark 2015).
With a changing climate, dryland African farmers who subsist from rainfed agricultural systems
will have to cope with increased risk arising from more frequent extreme events and poor intra-
seasonal rainfall distribution (Barros et al. 2014). Since rainfall patterns are the main factor
steering crop productivity in Africa (Muller et al. 2011), these changes will be detrimental to
food production (Cline 2007). However, the potential (and current) use of adaptation strategies
to overcome these challenges is rarely taken into account in impact studies. Several adaptation
measures are being promoted to cope with a changing climate, such as the use of different crops
or crop varieties, soil conservation, changing planting dates, and irrigation (Bryan et al. 2009),
but these may not all be viable choices for smallholder farming either due to their high costs,
technical restrictions, or even cultural limitations (Adger et al. 2012).

In areas such as the Sahel, where it is estimated that only 10–15 % of rainwater is used
productively for plant growth (Breman et al. 2001), rainwater harvesting (RWH) could help
mitigate the impacts of climate change on crop production. In situ RWH strategies, such as
planting pits or stone bunds implemented at the field level (Online Resource 1), act to shift a
fraction of surface runoff water to productive purposes by storing water in the form of soil
moisture (Rockström et al. 2002). This entails that water is made directly available to crops,
and does not require being re-routed using pumps. They are not aimed at directly improving
water use efficiency, but rather at reducing the variability in potential and actual crop yields
(Fox and Rockström 2000). By increasing the water holding capacity of highly degraded soils,
RWH can also reduce crop damage due to soil degradation by water erosion. Moreover, RWH
reduces the susceptibility of crops to the adverse effects of frequent dry spell events (Barron
et al. 2003; Rockström et al. 2002), and has the ability to reduce inter-seasonal crop yield
variability associated with erratic climatic patterns.

Numerous studies have investigated the siting of RWH systems under current climatic
conditions (e.g. Jasrotia et al. 2009; Kadam et al. 2012), but most fail to assess the performance
of these systems under changing climatic conditions. Moreover, they often provide data-
intensive, site-specific, and crop-independent analyses, which can be inadequate to inform
national-level policy making. While we know that RWH can bring benefits to rainfed
agricultural systems today, it is still unclear which regions could increasingly benefit from
RWH under changing climatic conditions.

Here we quantify, at the continental scale, the potential of RWH to reduce water deficits
experienced by a maize (Zea mays L.) crop under present and future climate projections for the
2050s across Africa for increasing radiative forcings (RCP8.5). Under this scenario, the 2050s
would be the first period where climate would depart from its current variability, and therefore
lead to unprecedented environmental conditions (Mora et al. 2013). Maize is the most widely
grown crop in Africa, especially in Southern Africa where it represents 50 % of the harvested
area (Portmann et al. 2010), and is one of the crops most often found to be produced with the
help of in situ RWH. Its production is expected to continue to grow in the future. Using a grid-
based empirical approach based on freely available datasets, including the latest data from the
Coupled Model Intercomparison Project Phase 5 (CMIP5), we establish water deficits
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experienced by maize on a monthly basis. Then, we evaluate the amount of water that can
physically be harvested within each grid cell in Africa. Different than previous analyses, our
analysis explicitly takes into account local biophysical characteristics to evaluate RWH
capacity, as opposed to assuming that a constant fraction of runoff can be harvested at any
location (e.g. Rost et al. 2009). Finally, we estimate RWH benefits on crop yields under current
and future climatic conditions.

2 Materials and Methods

2.1 Climate Input Data

Three General Circulation Models (GCMs) from CMIP5 were selected based on the avail-
ability of model output at the time of beginning this study, and model ability to reproduce
realistic surface runoff. The models selected represent three modelling research groups: BCC-
CSM1-1, MIROC5, and NorESM1-M. Selecting three different GCMs illustrates the range of
projections present within the CMIP5 dataset, with projections from each model considered to
have an equal likelihood of realisation in the future. The data was extracted for two experi-
ments (Historical and RCP8.5 respectively), with a focus on the medium-term projections for
the highest radiative forcings pathway RCP8.5 (2046–2065), and a 20-year historical time
period (1986–2005). All CMIP5 data was regridded to 0.5°×0.5° latitude/longitude spatial
resolution to allow inter-model comparison. Monthly means for the 20-year periods were
calculated for temperature, precipitation, solar radiation, and surface runoff from all three
GCMs. Figure 1 provides a first glimpse into CMIP5 projections for precipitation and potential
evapotranspiration. Evaporation increases in all models, while changes in rainfall are less
consistent. Hence, increasing rainfall could not directly be associated with better crop yields, as
crop water requirements are simultaneously increasing as well.

2.2 Methodology

A simple empirical approach to the determination of RWH potential was developed based on
freely available datasets. The aim was to provide a spatially-relevant overview of agricultural
water management requirements for national-scale policy-making, in regions where higher-
resolution data can be scarce. A schematic representation of the methodological process is
presented in the Online Resource 2.

2.2.1 Estimating Crop Water Requirements

Water requirements of different crops vary both in quantity and temporal distributions. Crop
water requirements were estimated for the 20-year historical and future monthly climatic
averages from the three GCMs across Africa. Crop water requirements, equivalent to crop
evapotranspiration here (ETc.), are defined by Allen et al. (1998):

ETc ¼ Kc*ET 0 ð1Þ

Where Kc is crop factor (dimensionless, see below) and ET0 represents reference evapotrans-
piration. While ET0 remains an important variable in hydrological models, it is not always
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calculated directly in climate models. In order to estimate ET0, most hydrological models use
the data intensive and physically-based Penman-Monteith equation. Simpler equations have
been shown to be as good, and sometimes better, at evaluating ET0 compared to the Penman-
Monteith equation (Kay and Davies 2008). Here ET0 was estimated from the CMIP5 data
using the approach suggested by Oudin et al. (2005) (Eq. 2):

ET0 ¼ Re

λρw

Ta þ 5

100
if Ta þ 5ð Þ > 0

ET0 ¼ 0 otherwise negativesvaluesarebeing reset to zeroð Þ
ð2Þ

Where Re is the extraterrestrial radiation (J/m
2/s), λ is the latent heat flux (2.45×106 J/kg), ρw is

the density of water (1000 kg/m3), and Ta is the mean monthly air temperature (°C).
Cropping calendar datasets based on typical national and sometimes sub-national

planting and harvest dates for the 1990s or early 2000s (Sacks et al. 2010) were used to
produce weighed monthly crop evapotranspiration values based on the crop coefficient
(Kc) at the four crop growth stages (initial, crop development, mid-season, late season).
The cropping calendars were also used to estimate monthly values of the yield response
factor (Ky) (c.f. Section 2.2.3), for yield impact evaluations. The yield response factor is
widely used in crop models and irrigation planning. Each crop growth stage has differing
sensitivities to environmental stresses (e.g. grain filling and flowering, which occur mid-
season, are the most sensitive stages to water stress), which in turn affect the Kc and Ky

values. Standard Kc and Ky values for maize (Online Resource 2) were obtained from the
FAO (Allen et al. 1998).

Fig. 1 Projected percentage changes in precipitation (a,b,c) and potential evapotranspiration (d,e,f) for BCC-
CSM1-1 (a,d), MIROC5 (b,e), and NorESM1-M (c,f) between the 1986–2005 and 2046–2065 (RCP8.5)
periods. While the climate models selected here do not fully agree on the magnitude or direction of change in
precipitation over Africa, there is a general agreement that potential evapotranspiration will be increasing over the
entire continent by the 2050s
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Subsequently, monthly water deficits were established from the difference between esti-
mated monthly crop water requirements (ETc.) and the monthly rainfall amounts having a
probability of occurrence of 67 % (i.e. minimum rainfall expected 2 years out of three). The
latter is what is termed Bdesign rainfall^ when determining the sizing of RWH systems. The
Bdesign rainfall^ accounts for significantly greater inter-annual variability present with rainfall,
than with solar radiation or temperature used to estimate crop water requirements.

2.2.2 Estimating Rainwater Harvesting System Design Requirements

The design of RWH systems has been described in Critchley and Siegert (1991), yielding the
following equation to evaluate the optimal catchment to cultivated area ratio (C:CA):

C:CA ¼ ETc−DesignRainfallð Þ
DesignRainfall*Runoff Coefficient*Efficiencyð Þ ð3Þ

Here, the runoff coefficient is defined as the fraction of surface runoff to precipitation.
A conservative value for the efficiency of in situ RWH systems was set to 0.6, but it can
reach up to 0.75 for such short slope catchments (Critchley and Siegert 1991). The
efficiency factor takes into account the fact that not all harvested runoff can be used
effectively by crops. The C:CA was calculated on a month-to-month basis, for both the
historical and the future periods.

The maximum monthly value of the C:CA ratio required to fully bridge crop water deficits
was determined. Fully bridging those deficits may require an excessively large catchment area,
but farmers in arid environments already compensate by using very low cropping densities
(e.g. Bationo et al. 1992). In our study, we vary spatially the C:CA ratio with respect to aridity,
in order to integrate this reality. Hence, the use of larger catchment areas in those conditions
does not necessarily reduce the availability of arable land for agricultural production. The
aridity indices were determined using the De Martonne Aridity Index (which ranges from 0 for
very dry to 100 for very humid environments) (de Martonne 1927) for both the historical and
future period.

If the C:CAvalue fell within a reasonable range as per Table 1 (e.g. positive value≤15:1 for
an arid zone), then that value was kept as such. Otherwise, RWH was assumed to only partially
bridge water deficits or be unnecessary. The gridded aridity indices were then used to re-assign
the values of the C:CA ratio where only a partial bridging of the water deficit could be
accomplished. The wettest areas were assigned the lowest ratio of 3:1.

The actual evapotranspiration (ETa) is equal to the design rainfall where there is no RWH.
In the case where we use RWH, the C:CA ratios adjusted for aridity were used to estimate the
amount of water actually harvested, which was then added to the design rainfall to obtain the
total monthly ETa values.

Table 1 Assumed maximum
allowable C:CA ratios by aridity
zone

Aridity zone Maximum allowable C:CA ratio

Arid 15:1

Semi-arid 10:1

Dry sub-humid 5:1

Humid 3:1
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2.2.3 Estimating Impacts on Crop Yields

The yield gap (or yield decrease from water deficits) expected in the cases with and without
RWH was estimated on a monthly basis, using Eq. 4 (Doorenbos and Kassam 1979):

1−
Ya

Yp

� �
¼ Ky

ETa

ETc

� �
ð4Þ

Where Ya is the actual yield, Yp is the potential yield and Ky is the yield response factor (c.f.
Section 2.2.2). The maximum value of the potential yield decrease caused by water deficits
within a growing season was selected for the determination of the potential to increase crop
yields through bridging that water deficit with RWH. Due to the use of the 33rd percentile
rainfall in the determination of ETa, the monthly maximum potential yield decrease value
effectively represents the minimum yield gap that will occur in one of three growing seasons.
Finally, to evaluate the future performance of RWH with respect to their historical perfor-
mance, Eq. 5 was developed:

Y Index;t ¼ CAt 1−
YGap;t

100

� �
1þ Y Increase;t

100

� �
ð5Þ

Where YIndex,t is the yield index corrected for cropped area (CAt), percentage yield gap caused
by water deficits (YGap,t), and percentage yield increase associated with the use of RWH
(YIncrease,t) for the time period t (1986–2005 or 2046–2065). When YIndex,2046–2065<
YIndex,1986–2005, the performance of RWH in the future is less than during the historical period,
and would point towards the need for different climate change adaptation strategies for the
concerned regions.

2.3 Methodological Limitations

As in any modelling study, the approach taken to evaluate RWH potential has inherent
uncertainties. For instance, the selection of Kc and Ky can have a large impact on the
estimation of crop water requirements. Standard values were selected, as a coarse-scale
assessment of water requirements was conducted both spatially and temporally. This approach
allows us to get a quick overview of which areas might suffer from greater water deficits, and
is deemed essential to make climate-based agricultural water analyses relevant (Barron et al.
2003). The use of cropping calendars at a coarse resolution may lead to some regional
anomalies in the results, especially at the borders between countries due to national-scale
input data. Other uncertainties arise from GCM data. While we acknowledge that not all
models produce reliable surface runoff from their land surface component (e.g. MRI-
CGCM3), we chose to use gridded runoff data generated through GCMs as they guarantee a
closed hydrological cycle (Weiland et al. 2012). We found that for the three models selected
the runoff coefficient remained within reasonable bounds over rainfed Africa (i.e. between
0.05 and 0.3, Online Resource 2).

Furthermore, using a coarse-scale empirical approach has the disadvantage of ignoring a
wide range of processes involved in crop production, such as the increased nutrient use
efficiency associated with higher water availability. This can lead to a significant underesti-
mation of the potential of RWH to increase crop yields. This approach also ignores small-scale

4808 S. Lebel et al.



hydrological processes (e.g. crusting of soils in the Sahel), local socio-economic conditions,
and the impact of daily rainfall variability.

Finally, the use of a field-scale equation to evaluate RWH potential with climate data at a
much coarser resolution could lead to inaccuracies in the results. That being said, obtaining
data to accurately model field-scale hydrological processes is impractical for a continental-
scale assessment of RWH potential. The next section will also demonstrate that despite scale
discrepancies, estimated C:CA from the coarse scale CMIP5 data is representative of the
design requirements of reported local techniques.

3 Results

3.1 Rainwater Harvesting Design Requirements

Here it was assumed that the C:CA ratio for RWH generally corresponds to local cropping
densities, which are expected to change in response to climate change independently of RWH
adoption. Calculated C:CA ratios based on biophysical requirements and limitations (Fig. 2)
correspond well with those observed in RWH systems in Africa. While reported C:CA values
for RWH ideally sit between 1:1 and 3:1, some areas require greater ratios due to local
conditions such as soil types and aridity (Critchley and Siegert 1991). For example, a typical
zaï pit (30 cm diameter) density of 10,000 pits ha−1 in Northern Burkina Faso would represent
a cropped area of about 7 %, or a C:CA of 13:1. This corresponds to 3 plants m−2 (typically
three plants per pit), a value similar to 3.7 plants m−2 reported by Jones and Thornton (2003)
for typical rainfed smallholder maize production systems in the tropics. Values as low as 2000
zaï pits ha−1 have been reported for millet in Niger (Bationo et al. 1992), as farmers in arid and
semi-arid regions normally choose lower cropping densities.

Fig. 2 Catchment area to cultivated area ratio (C:CA). Actual C:CA in consideration of optimal design
requirements and maximum allowable ratio for the aridity of the region for the 1990s (a,b,c) and the 2050s under
RCP8.5 (d,e,f). GCMs used for calculations were BCC-CSM1-1(a,d), MIROC5 (b,e), and NorESM1-M (c,f)
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Here, the selected GCMs agree in a number of areas on the magnitude and direction of
change in required cropping densities and C:CA ratios by the 2050s. Southern Africa is likely
to be the most adversely affected region, while the Sahel does not see significant changes in
RWH design requirements despite some projected increases in precipitation (c.f. Fig. 1). Areas
of full agreement between models include Tanzania and Mozambique, while two out of three
models show the need for greater C:CA ratios over Zambia and Zimbabwe.

3.2 Mapping Crop Water Deficits Over Rainfed Areas

Peak monthly crop water deficits for maize are found to already be important during the 1990s
in the absence of RWH. These tend to increase with climate change over most rainfed regions
of Africa, except over the Sahel and parts of Southern Africa in NorESM1-M, which could
indicate a slight decrease in crop water deficits (Fig. 3). In comparison, Wada et al. (2013)
show increases in irrigation water demand of 25 % or more over most of Africa by the 2080s
under RCP8.5. Despite their use of a more complex modelling approach and their focus on the
2080s, their results complement the trend in changes in crop water deficits (generally between
1 and 25 %) presented here for the 2050s.

3.3 Stabilizing Crop Yields Through RWH

The yield gaps in Fig. 4 represent the minimum yield gaps expected 1 in 3 years. There is good
agreement between the three GCMs regarding yield gaps caused by water deficits in Eastern
Africa, which are some of the highest on the continent. Areas of very low maize water
productivity identified by Brauman et al. (2013) correspond well to the areas with the largest
yield gaps in Fig. 4. While MIROC5 may underestimate water deficits suffered by crops
during the growing season in the Sahel (i.e. projected excess water in all months), the two

Fig. 3 Peak monthly water deficits for maize. The peak water deficits that a maize crop might experience for
1 month during the main growing season for the historical period (1986–2005) in mm (a,b,c), and the % change
(d,e,f) between that period and the future period (2046–2065, RCP8.5), were estimated using CMIP5 data (BCC-
CSM1-1[a,d], MIROC5 [b,e], and NorESM1-M [c,f]) under rainfed conditions without rainwater harvesting
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other models show a reasonable gradient over the region. For example, Northern Burkina Faso
sees minimum yield gaps of 30–50 %, while the southernmost regions of the country are
significantly less vulnerable. Over the Sahel, where models disagree on changes in precipita-
tion, only BCC-CSM1-1 is projecting a worsening of the yield gap in the 2050s. Despite the
very large yield gaps identified, once the use of RWH is taken into account most regions see a
significant decrease in those yield deficits (Fig. 5).

Generally, the fraction of the yield gap caused by water deficits that can be bridged through
RWH decreases by the 2050s, in regions where that yield gap increases. However, where
aridity shifts to a higher aridity zone into the 2050s, the allowable catchment areas can be
increased, leading to an increase in the benefits arising from the use of RWH. Overall, maize
yield gaps which could be bridged through RWH range on average across Africa from 37 to
47 % for the 1990s, and decrease to 28–36 % for the 2050s (Fig. 5). Overall, RWH could
maintain its ability to bridge a large part of water deficits in the future, and partially mitigate
negative impacts of climate change.

Figure 6 shows that RWH is currently capable of stabilizing crop yields, and is likely to
remain so in the future. In fact, where RWH is found to be able to stabilize crop yields for the
1990s, the mean potential yield increase associated with its use ranges between 9 and 39 %
(Fig. 4). The mean yield increase over Africa due to the use of RWH for maize is projected to
grow in the 2050s to 14–50 %, depending on the model. In parts of Eastern Africa, such as
Tanzania, yield gaps remain too large for RWH to fully bridge them, but maize yield
improvements can easily reach 25–50 %. Similarly, Elliott et al. (2014) found that irrigation

Fig. 4 Minimum yield gap attributable to water deficits for maize. The minimum percentage yield below
potential (yield gap) that a maize crop might experience in the driest of 3 years for the historical period (1986–
2005) (a,b,c), and the percentage change with respect to the future period (2046–2065) (d,e,f), were estimated
using CMIP5 data (BCC-CSM1-1[a,d], MIROC5 [b,e], and NorESM1-M [c,f]) under rainfed conditions without
rainwater harvesting
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Fig. 5 Percentage of the minimum yield gap attributable to water deficits bridged through rainwater harvesting
for maize. (a,b,c) represent the historical period (1986–2005) (a,b,c), and (d,e,f) show the change for the future
period (2046–2065), estimated using CMIP5 data (BCC-CSM1-1[a,d], MIROC5 [b,e], and NorESM1-M [c,f])

Fig. 6 Percentage yield increase attainable through rainwater harvesting. The minimum yield increase that a
maize crop might experience in the driest of 3 years for the historical period (1986–2005) (a,b,c), and during the
future period (2046–2065) (d,e,f), were estimated using the calculated design C:CA ratios and maximum crop
water requirements throughout the main growing season. Three GCMs were used: BCC-CSM1-1 (a,b),
MIROC5 (c,d), and NorESM1-M (e,f)
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could increase maize yields by up to 10 % over wetter areas and over 50 % in drier areas under
RCP8.5 by 2100.

3.4 Prioritizing Areas for RWH Implementation

While RWH can partially bridge maize yield gaps to various degrees across Africa today, it is
likely to bring decreased benefits in the future in several regions (Fig. 7). Indeed, climate
change will likely increase the vulnerability of maize crops to water stress in Southern Africa
and particularly Zambia where all models agree to a decreasing of RWH performance based on
the yield gaps, potential yield increase, and change in C:CA due to changes in aridity.
Irrigation potential should be investigated in areas where RWH is unlikely to perform as well
by the 2050s than under our current climate. On the other hand, RWH implementation for
maize production should be prioritized in parts of Zimbabwe, Mozambique, Ethiopia,
Tanzania, and a number of areas in the Sahel.

4 Discussion

Field-level experience has shown great potential for RWH to stabilize crop yields in
otherwise harsh environmental conditions (e.g. Rockström et al. 2002; Sawadogo et al.
2008). At a larger scale, we found that the ability of RWH to bridge water deficits and to
stabilize crop yields in Africa is projected to continue in the medium-term (2050s) under
RCP8.5, despite some regions becoming more vulnerable. Where RWH is projected to
perform more poorly in the future, irrigation should also be considered to adapt to climate
change. However, in regions where groundwater resources are limited (MacDonald et al.
2012), RWH could still provide supplemental water for crop production by smallholder
farmers.

In the semi-arid tropics and arid environments, RWH has already played an important role
in stabilizing crop yields by mitigating the negative impacts of high evapotranspiration.
However, those regions are projected to experience a higher frequency of lethal high temper-
atures which will likely not be mitigated by RWH. Hence, areas seeing a decrease in water
deficits between the 1990s and the 2050s should not always be interpreted as potentially
benefiting from climate change. This is particularly true in the Sahel, where an increased
frequency of lethal high temperature events could have devastating effects on food production
(Battisti and Naylor 2009).

Fig. 7 Projected performance of rainwater harvesting (RWH) systems across Africa by the 2050s with respect to
the 1990s, using three GCMs: BCC-CSM1-1 (a), MIROC5 (b), and NorESM1-M (c)
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While this study focused primarily on bridging water deficits, it is important to note that in
several areas, RWH is also used in combination with nutrient management strategies
(Rockström et al. 2002; Zougmoré et al. 2003), and can promote fertilizer utilization in areas
of low adoption (Wakeyo and Gardebroek 2013). In Sahelian environments, soil fertility
improvements could increase water use efficiency by three to five-folds (Breman et al.
2001). Moreover, RWH systems allow for the retention of water, for the conservation of
nutrients through a reduction in soil losses associated with water erosion, and an overall
reduction in risk to crop production. Hence, increases in yields associated with RWH go far
beyond the simple bridging of the yield gap caused by water deficits, and the estimates
presented here are only a fraction of the true benefits RWH can have on increasing crop
yields in African drylands. There is still a need for higher spatial and temporal resolution
studies to capture intra-seasonal distribution of rainfall and use of fertilization on the efficiency
of RWH systems, amongst other factors (e.g. Pandey et al. 2013). In a context where we are
unable to provide farmers reliable and consistent long-term inter- or intra-seasonal projections
of changes in the climate, another possible benefit of RWH could be to help deal with
precipitation variability by increasing the flexibility of cropping calendars. Specifically,
RWH could extend the growing period by concentrating surface runoff associated with
isolated rainfall events early or late during the season, and reduce the risk associated with
the heavy reliance on those first few rains to determine when farmers are able to plant their
crops.

Finally, one of the objectives of this study was to provide the Bbig picture^ of the potential
of RWH to stabilize crop yields, and reduce dependence on groundwater resources. In a
context where African agriculture needs to be more productive to feed its population, these
RWH benefits could be non-negligible. While agricultural development discourse has been
heavily focused on the successes of the Green Revolution in Asia (and the expansion of
irrigation), we still need to take into account the strikingly different situation of Africa today. If
it is possible to bridge a minimum of 30–40 % of yield gaps associated with crop water deficits
simply with in situ RWH, the questions of energy requirements to access water, costs of
implementation for wells or pumps, or overall low adaptive capacity, all become less of an
issue for smallholder farmers. Despite in situ RWH strategies having the advantages of often
being indigenous techniques, affordable, and widely applicable for smallholder farming,
barriers to their adoption should be better understood to ensure their long-term sustainability
(Pachpute et al. 2009).

5 Conclusion

This study set out to use GCM outputs to evaluate RWH potential, including the lesser-used
surface runoff variable, and has shown promise towards providing useful information for
adaptation planning at the national level. Indeed, the information provided here can be used to
prioritize areas for RWH implementation and identify where complementary adaptation
strategies might be necessary to fully address climate change impacts on crop water availabil-
ity. Despite high levels of uncertainty associated with climate change projections, there is a
need for smallholder farmers in sub-Saharan Africa to start coping more effectively with
current climate variability. RWH represents a partial technical solution to the much more
complex challenge of food insecurity, but offers a way to increase resilience to climate
variability. Indeed, we find that RWH could bridge 31 % of yield gaps attributable to water
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deficits under the projected climatic conditions of the 2050s, and increase maize yields by 14–
50 % on average across Africa. Yet, the adoption rates of simple and often endemic technol-
ogies such as RWH stagnate without the proper training support of local governments and
NGOs. RWH, especially in situ methods, offer the competitive advantage of requiring minimal
financial, environmental, and social investments over other adaptation strategies such as the
development of new drought-resistant crop varieties. A good understanding of local limitations
to the adoption of RWH will be necessary to make them successful across the continent.
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