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3.2. Projected Changes in Tmin, Tmean and Precip over West Africa

An increasing clear trend of warming is projected across West Africa in the future, with predictions
of increases of the t-min and t-mean of approximately 1-4.5 °C (Figure 11, Row 2 and 3 respectively).
The mean and minimum monthly temperature (t-mean and t-min) is predicted to increase by 1.5-2 °C
in the Guinea-Savanna of the regions, about 2-2.5 °C in the Sahel and increases of about 1 °C predicted
for the south-west coastal area in the near future month (2031-2050). By mid- century, the t-mean is
projected to increase by 2.5 °C and 3.0 °C over the Guinea-Savanna and Sahel, respectively and 3.0 °C
increase over the Guinea and 3.5 °C over the Savanna-Sahel for t-min. At the end of the century, a
4.0 °C temperature increase is projected over the Guinea-Savanna zone except the western area and 3.5
increase over the Sahel for t-mean. The projected change in the minimum temperature by the end of the
century showed a different pattern over the region as the Guinea zone, southern Guinea-coastal area, is
warmer than the Sahel. The projection shows an increase up to 4.5 °C in the southern Guinea (coastal
area) and 4 °C inland. A similar characteristic is also observed over the Sahel as the southern Sahel
(12-14 °N) is projected as warmer (4.0 °C) than north of 14 °N (3.5 °C) in the Sahel zone. The savanna
zone is however different to the Guinea and Sahel as the temperature increases northward over the
zone, i.e., southern Savanna (3.5 °C) is lower to the northern Savanna (4.0 °C) except for the western
part of the Savanna zone, which is much cooler than the rest with an increase of 2.5 °C. Our findings
are consistent with the findings by [30].

Figure 11. Projected changes in the total monthly rainfall (PRE), minimum (TASMIN) and mean (TAS)
monthly temperature over West Africa as simulated by RCA4 for the near future month (2031-2050),
mid-century (2051-2070) and the end of the century (2081-2100).

With respect to the predicted effects of climate change on rainfall, it is not a major change in
the mean monthly precipitation that is projected over the region except in the south-west Guinea
zone extending to the southern Guinea in the Savanna and the south coast of Nigeria (Figure 11, Row
1). The projected increase of about 10 mm extends from the south-west coastal area of Sierra-Leone
to Liberia to the south-west coast of Ghana and south coast Nigeria in the near future (2031-2050)
compared to the historical climate. By mid-century (2051-2070), the projected change of about 10 mm
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is expected in the western part of the region from the Guinea zone to the southern Sahel zone and the
north-central part of Nigeria. Over the coastal area, an increase up to 25 mm is projected along the
south-west coast of Sierra-Leone to Liberia and 10 mm over the south coast of Nigeria. The projection
shows that no change is expected in the eastern part of the region by the mid-century. In contrast, by
the end of the century, the projected change in the rainfall will be characterized by a decrease in the
monthly precipitation across the entire region compared to the baseline. A gradient decrease in the
rainfall is projected from south to north with a reduction up to 35 mm over the Guinea-Savanna and
about 25 mm over the Sahel. Over the coastal area, a decrease above 35 mm is projected along the
west coast of Gambia to northern Liberia and south coast of Nigeria. Our findings are in agreement
with [30].

3.3. Impact of CCD on Future Crop Suitability over West Africa

Projected changes in the future crop suitability for all crop types varies across the three future
climate windows, from the near future period (2031-2051) to the end of the century (2081-2100)
(Figures 3-6, column 2—4). The variation in the impact for the crops can may be linked to the difference
in crops response to the different climate window as described in Table 2 below for the three-climate
window/period. For the near future, our simulation projects a general no change in the suitability
for cereals south of 12 °N except the south coast of Nigeria (Figure 3, column 1). However, a project
decreases of about 0.1 SIV is expected in the south coast of Nigeria for all the cereal crop, over Guinea
for pearl millet, from Sierra Leone to Liberia for sorghum and from eastern Guinea to Liberia in the
western Guinea-Savanna zone. In contrast, an increase in SIV up to 0.2 is expected in the southern
Sahel zone for cereals. No suitability change is projected for legumes (Figure 4, column 2) except an
increase in SIV of about 0.1 in the southern Sahel (12-14 °N) and up to 0.2 in the central savanna zone,
(Figure 6). On the other hand, a projected decrease of 0.1 in SIV is expected along the west coast of
Sierra Leone and the south coast of Nigeria for groundnut. The projected increase in SIV provides an
increase in the suitable area for the cultivation of both crops. This is so because a 0.2 increase in SIV for
the marginally suitable (SIV, 0.4-0.6) areas in the southern Sahel results in the area becoming suitable
(SLV, 0.6-0.8) for both crops. The projected decrease in the SIV values along the coastal areas and over
Sierra Leone also does not affect the area negatively as the area remains suitable for these crops. For
the root and tuber crop (Figure 5, column 2), a projected decrease of about 0.1 SIV is expected for
cassava and up to 0.2 in southern Nigeria and along the west coast of Guinea to Liberia for plantain
and yam extending to south of Ivory Coast for plantain. A similar magnitude decrease is also expected
in the western Guinea-Savanna zone from Guinea to the western Ivory Coast. For the horticulture
and fruit crops (Figure 5, column 1), a 0.1 projected decrease in SIV is expected south of 12 °N and the
savanna zone for tomato and pineapple, respectively while up to 0.2 SIV decrease is expected in the
south coast of Nigeria for mango and orange. However, a projected increase up to 0.2 SIV is expected
in the southern Sahel for mango. The projected suitability changes are robust (i.e., at least 80% of the
simulation that the climate change is statistically significant at 95% confidence level) for cassava, maize
and mango in the near future month (2031-2050) while the changes are consistent for the other nine
crops (i.e., at least 80% of the model agree to the sign of change).
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The Ecocrop suitability simulation by mid-century (2051-2070) shows a projected increase in the
magnitude of change of SIV and spatial suitability distribution of suitable areas compared to the past
climate for the different crop types. The projected spatial suitability distribution for mid-century shows
a similar spatial pattern as the near future period (2031-2050) with an increase in the suitability spatial
extent and the magnitude of change in SIV. For cereals (Figure 3, column 3), the projected change is like
the spatial suitability pattern as the near future period except for the spatial extension in the suitable
area further north in the central Sahel zone for pearl millet. In contrast, a decrease in the suitable area
in the western Nigeria for pearl millet and north-west Nigeria for maize and sorghum. The legume
(Figure 4, column 3) crops show a similar projected suitability spatial pattern as the near future period
except a projected decrease in SIV of about 0.1 and 0.2 of the suitable area is expected in the south-west
Chad Republic in the eastern Sahel zone for the groundnut and cowpea, respectively. For the root and
tubers (Figure 5 column 3), a decrease of about 0.2 SIV is projected for both the plantain and yam but
with a similar spatial suitability pattern as shown for the near future period. However, for cassava
about 0.2 decrease SIV is projected over the guinea-Savanna zone but the area remains suitable. For the
fruit and horticulture crops (Figure 6, column 3), there are no changes in the projected spatial suitability
pattern as observed in the near future period by mid-century. However, there is an increase in the
magnitude of change of SIV from 0.1 to 0.2 and 0.2 to 0.3 for the tomato and pineapple, respectively.
All the projected suitability changes are statistically significant at 95% confidence level for cassava,
maize and mango and are consistent for the other nine crops (i.e., at least 80% of the model agree to the
sign of change) by mid-century (2051-2070).

The projected increase in global warming will lead to increasing the magnitude in the projected
change for the crop SIV and spatial suitability distribution across different crop types by the end of the
century (2081-2100). Cereal (Figure 3, column 4) as projected will be severely affected as more areas
becomes less suitable by the end of the century. For legume (Figure 4, column 4), the Savanna zone
will be less suitable with a decrease of about 0.1 in SIV while a decrease of about 0.2 SIV is expected
along the eastern Sahel zone for groundnut as well as the south coast of Nigeria. Cowpea as projected
will be more affected with a decrease of about 0.2 SIV in the northern savanna in the southern Chad
Republic and Nigeria with its boundary with south-east Niger Republic in the Sahel and south-west
Mali in the western Sahel zones. A decrease up to 0.2 in SIV is expected in the southern Sahel for cereal
except maize with an increase of about 0.2 in the central southern Sahel zone. The root and tubers
(Figure 5, column 4), show a similar spatial pattern for the decrease in the suitable area as the near
future period and mid-century but with an increase in the SIV magnitude of about 0.2, 0.3 and 0.4 for
yam, plantain and cassava, respectively. The fruit and horticulture crops (Figure 6, column 4) shows
further reduction in the suitable area compared to the near future period with an increase up to 0.4
SIV for the horticulture crop. The Guinea-Savanna will become less suitable with a decrease of 0.1
and 0.2 SIV for orange and mango, respectively. All the projected suitability changes are statistically
significant at 95% confidence level for cassava, maize and mango and are consistent for the other nine
crops (i.e., at least 80% of the model agree to the sign of change) by the end of the century (2081-2100).

3.4. Impact of CCD on Crop Planting Month over West Africa

At all the three future climate windows, the Ecocrop projected change on the planting month
varies for different crop types across the different AEZs of West Africa (Figures 7-10). The impact of
CCD resulted in an early or late/delay in the PM for different crops and increases in magnitude across
the three zones as described in Table 3 below. It is worth stating that the change in PM describes a
change in the best three planting months under the three future windows.
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In the near future, cereals crops, pearl millet and sorghum are projected to experience a one-month
delay over the region and up to 0.2 along the west coast of Sierra Leone to Liberia and the south coast
of Nigeria (Figure 7, column 2). In contrast, the two-month delayed planting is expected over the
Savanna-Sahel zone for maize. For the legumes crops, cowpea and groundnut (Figure 8 column 2,
see Table 4) no projected change in the PM compared to the past climate is expected over the regions
except about one-month delay (i.e., from June to July) in planting over Sierra-Leone and Liberia in the
Guinea zone and the southern Sahel zone from Senegal to Chad Republic compared to the planting
month (June) over the area. For the root and tuber (Figure 9 column 2), about three to four months
early (February/March) the planting is projected for cassava in the near future as compared to June/July,
the PM from the historical climate across the region except the north-east Nigeria and the coastal
areas (Figure 9, Table 3). No change in the PM is expected in the near future over the coastal areas
but about three months delay in planting is projected in the north-eastern part of Nigeria. No change
in the PM is projected for plantain, an annual crop which can be planted anytime of the year while
a 34 months delay is expected for yam except in western Guinea-Savanna and the south coast of
Nigeria. For fruits and horticulture (Figure 10, column 2), no projected change in the planting month is
expected for tomato and pineapple except a two-month delay over Liberia. Early planting between one
to two months is expected in the Guinea-Savanna zone and about three-months delay in the planting
of orange in the southern Sahel zone. About two-months and up to four-months delay in planting is
projected for mango in the Guinea-Savanna zone and the northern Sahel zone, respectively while a
two-month early planting of the crop is expected in the southern Sahel zone. The projected change is
consistent for all crops as 80% of the simulation agree to the sign of change.

Table 4. Trends in the projected change in suitability over West Africa for the near future, mid and end
of the century periods for different crops.

Crops/Period 2031-2050 2051-2070 2081-2100
Cassava 1.053 1.141 1.497
Cowpea 1.000 1.000 1.002

Groundnut 1.000 1.001 1.030
Maize 1.007 1.021 1.082
Mango 1.013 1.046 1.137
Orange 0.981 0.974 1.089
Pear] millet 1.007 1.022 1.057
Pineapple 1.061 1.216 1.580
Plantain 1.017 1.025 1.215
Sorghum 1.007 1.018 1.032
Tomato 1.219 1.421 1.997
Yam 0.873 0.784 0.779

By mid (2051-2070) and end of the century (2081-2100), most crop types show a similar spatial
pattern in the planting month as observed in the near future but with an increase in the magnitude
of the delay or early planting period (Figures 7-10, column 3—4). For example, cereal crops show a
similar spatial pattern as projected for the near future for sorghum and pearl millet by mid-century
(Figure 7, column 3) and the end of the century (Figure 7, column 4) except over Liberia and south
coast of Nigeria for pearl millet. These areas are expected to experience a 2-3-month delay in planting.
Legume crops, cowpea and groundnut show similar characteristics of no projected change in the PM as
the near future period but for an increase in the magnitude a delay period in the south coast of Nigeria
and southern Liberia. A delay in planting from one to two months is expected from Sierra-Leone to
Liberia and over the south coast of Nigeria for cowpea by mid-century (Figure 8, column 3) and up to
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three months by the end of century (Figure 8, column 4). A two-month delay in the PM is projected
over southern Liberia and a one-month delay in the southern Sahel zone by mid and end of the century
(Figure 8, column 3—4). For the root and tuber crops (Figure 9, column 3-4), about a four-month delay
in planting is projected over the Savanna zone except the western area of the zone and in the central
Guinea zone by mid-century for yam (Figure 9, column 3). A similar pattern is projected by the end of
the century for crop (Figure 9, column 4). No change in the planting period is projected for plantain
because it is annual crop over these two periods. For cassava a month delay planting by mid-century
and up to two-months by the end of the century is projected in the western Guinea-Savanna zone
while an early planting is expected in other parts of the Savanna zone and north of the Guinea zone
over the two-climate change period. For the fruit and horticulture crops, there is no change in the PM
for pineapple being an annual crop. A one-month PM delay is projected for tomato over the region and
up to two-months over Liberia by mid and end of the century. However, a projected two-month early
planting is expected by the end of the century in the southern Sahel zone. For fruit crops, a four-month
early planting compared to the historical climate is projected in the Guinea-Savanna zone with a delay
of about three-months in the south Sahel by mid-century. By the end of the century, an early planting
of about four-month early compared to the historical climate is projected over the region for orange.
Similarly, a two-month early planting is projected for mango in the southern Sahel zone for mid and up
to three-months by the end of the century. In contrast, a delay in planting of about two-three months is
expected over the Guinea-Savanna zone and up to four-months in the northern Sahel zone. All the
projected changes are consistent for all crops as 80% of the simulation agree to the sign of change over
the two climate periods.

3.5. Trends in Projected Crop Suitability and Crop Planting over West Africa

We used the Theil-Sen slope to evaluate the trend in the projected suitability and month of planting
for the crop types for the near future, mid and end of the century over West Africa (Tables 4 and 5).
The trend describes the rate of increase and decrease of the suitable area and SIV with increasing
warming over the three-window month. In general, all the crop types show an increasing trend in
the projected change in the crop suitability compared to the past climate from the near future to the
end of the century when compared to the past climate except for yam (Table 4). The projected change
in the suitability index value of suitable areas for tomato showed the highest trend value from 1.219
in the near future month to 1.997 by the end of the century. Compared to other crops, our analysis
showed that there was a decreasing trend (from 0.873, the near future to 0.779, end of the century)
for yam in the projected suitability change with increasing warming across each time of month from
the near future to the end of century over West Africa. Additionally, there was decrease in the trend
between the near future month and mid-century month in the projected change for orange but later
increased at end of the century. Moreover, there was no trend in the projected change in the suitability
for cowpea over the near future month and mid-century but there was increase in the trend of the
projected change for the crop by the end of the century.
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Table 5. Trends in the projected change in the month of planting over West Africa for the near future,
mid and end of the century periods for the different crops.

Crops/Period 2031-2050 2051-2070 2081-2100
Cassava 1.125 1.171 0.974
Cowpea 0.972 0.957 0.887

Groundnut 0.969 0.952 0.857
Maize 1.000 0.990 0.950
Mango 1.000 0.976 0.909
Orange 1.000 1.111 1.930
Pear] millet 0.980 0.959 0.912
Pineapple 1.000 1.000 1.000
Plantain 1.000 1.000 1.000
Sorghum 1.000 1.000 0.944
Tomato 0.938 0.900 0.851
Yam 1.000 0.924 0.909

Our Theil-Sen slope trend analysis shows a general decreasing trend in the projected change in
the planting month compared to the past climate for the different crop types except for orange which
gives an increasing trend pattern of the projected planting for all the crop (Table 5). Our trend analysis
test show there was no change in the projected change in planting for plantain, pineapple (1.000) and
for sorghum for the near future and mid-century month (1.000).

4. Discussion

4.1. Crop Type Sensitivity to CCD and Impact on Food Security

Horticulture, cereals, root and tubers (hereafter HCRT) crops, respectively will be the most
impacted by the climate change/departure impact from the historical variability in West Africa. All the
five different crop types show a different response to the impact of the global warming induced CCD
across the examined three-window month, near the future to the end of the century in West Africa.
The variability in the response of the different crop types to CCD is very cardinal to the agricultural
production and food security in the region. HCRT are the most negatively affected with decreasing
suitability across the three AEZs of West Africa due to the impact of the climate change compared to
the legumes and fruit crops. In terms of sensitivity, the HCRT crop suitability show a negative linear
relationship with increasing global warming over the region except for cereals with a positive linear
relationship in the southern Sahel zone. The negative linear relationship is observed notably over the
Guinea-Savanna zone for the HCRT resulting in a decrease in the crop suitable area with increasing
warming across the three months examined. The projected negative linear relationship due to an
increase in global warming may result in a decrease in the yield of these crop types over West Africa
due to a decrease in the crop suitable land [6,64]. For example, previous studies (e.g., Lobell et al. [65],
Sultan et al. [15]) have revealed that the impact of climate change will result in a decrease in the
yield of cereals by 20% in the near future month over West Africa. Additionally, the result is in line
with the findings of [32] that there will be a decline in the suitability and suitable cultivated areas for
cassava due to a result of the temperature increases but the crop will remain suitable over the region.
In addition, our result also agrees with [66] findings that increasing warming will lead to a decrease
in the availability of the suitable land for the cultivation of horticulture with a direct implication on
the horticultural production. This agrees with [14] that the variability in the climate will lead to a
reduction in the yield quantity of pineapple in Ghana which is one of the key producers of pineapple,
which may be linked to the decrease in the suitable areas and SIV as projected in this study.
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The projected impacts of CCD on crop suitability will further compound the challenge of food
security in West Africa. This is in line with past findings that climate variability and change in the
coming decades will further threaten food security in sub-Saharan Africa notably West Africa, a region
that plays a major role in the agricultural production [1,7]. West Africa for about 24 years mainly
accounts for about 60% of the total value of agricultural outputs within Africa [7]. However, the story
has not been the same since 2007 due to instability in the agricultural production over the region and
this has been a source of concern [7]. As a result, the projected decrease in crop suitability due to
a reduction in the suitable area for crop cultivation coupled with the projected delay in the month
of planting will both strongly have a negative impact on the crop yield and agricultural production.
This may further plunge the plan for food security in the region into a mirage.

4.2. Impact of CCD on Spatial Suitability Distribution

The impact of CCD will lead to a projected variability in the spatial suitability distribution across
the three AEZs for the three future months and different crop types. The magnitude of deviation due
to the increase in warming may influence the suitability over the zones as well as crop sensitivity
to the projected change in the climate. The crop growth and yield are directly proportional to the
climate-crop threshold i.e., climate suitability/threshold [67]. It is important to note that each crop has
their climatic or suitability threshold for healthy growth, development and optimal yield and that
future changes/departure in the climate generally has a reaching impact on the yield of the crop. This is
further buttressed by our finding that CCD may lead to future constraint in the available cultivated area
in the Guinea and southern Savanna zones of West Africa. On the other hand, it tends to provide an
opportunity in the northern Savanna extending to the southern Sahel. The projected spatial constraint
in the suitability and cultivated area will strongly affect the crop production and yield over West Africa.
The Guinea-Savanna zone provides and significantly contributes to the agricultural production over
the region and a large proportion in the continent [7]. For example, about four of the five different
crop types (except the legumes) examined in the study is and will be significantly affected with the
projected decrease in SIV and reduction in the cultivated area of the crops. This projected decrease in
SIV and the reduction in the spatial distribution of suitable areas for cultivation of major crops such as
cassava and the horticulture crops such as pineapple pose a great challenge to the economy of most
countries and further raises the challenge of food security in the region. The challenge of food security
arising from the projected decrease in the crop suitable area may compound the climatic stress over the
region due to the increase in food production to meet the present food demand but with the projected
and limited available land for cultivation are not realistic and may become a mirage with the projected
increase in the population over the region by mid-century, 2050 [68,69].

On the other hand, crop suitability due to CCD from the historical variability is projected and
will lead to an increase in SIV and more suitable area notably in the Southern Sahel. The increase
in suitable areas provides an opportunity for more suitable areas in the region for the cultivation of
cereals, legumes and mango in the southern Sahel zone (12-14 °N), plantain and yam in the Savanna
zone as well as the legume crops in the central savanna zone of West Africa. The projected increase
into the Sahel agrees with the previous finding for maize in the Sahel zone with CCD. This shows that
the crop spatial suitability distribution and productivity are highly sensitive to variations in the climate
such that a departure of the future African climate from the recent range of historical variability will
have the most devastating effect on agriculture over the continent [70-72].

4.3. Implication for Socio-Economic Development and Strategy Policy

The above result provides a basis for developing the policy and strategy to reduce future crop
loss due to a lack of suitable land and risks of food security over West Africa. At the same time, it
advocates for a more proactive response to increase resilience and adaptive options via the urgency and
timing of adaptation. For instance, the analysis of crop suitability indicates that a greater proportion of
suitable land areas in the West African region may become less suitable or unsuitable in the future
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from CCD due to global warming, which may enhance a decrease in the crop yield and agricultural
production of some crop. On the other hand, the analysis showed an expansion of the suitable area
into the Sahel for the cereal and legume crops with CCD, which provide future opportunities for
more suitable areas for the cultivation of one of the most staple crops, maize. This will have both
positive and negative impacts on regional development and economic activities (e.g., regional trade
and international relation in terms of exports and importing goods). The increasing population also
implies that the demand for food will be on the increase. However, the projected change in suitability
also suggests that a well-planned land use change (through the urgency of adaptation to the CCD)
could help reduce the impacts of CCD on the crop yield and food security in the region. Hence, there
is a need for the formulation of a strategic policy that can accommodate or encourage such a land-use
change. A strategic policy is also required more importantly for the new opportunities such as an
expansion into the Sahel for maize and the other crops that may arise out of the impact of CCD over
the region. Hence, the results can guide policymakers on how to prioritize their adaptation plan in
terms of the urgency of response and redefine mitigation measures to the future impact of CCD on the
crop suitability and planting season over West Africa.

5. Conclusions

Summary and Conclusions

In investigating the impact of CCD on the crop suitability and planting month over the entire West
African region, we analyzed 10 CMIP 5 GCM datasets downscaled by CORDEX RCM, RCA4 for five
different crop types, cereal (maize, pearl millet and sorghum), fruit (mango and orange), horticulture
(pineapple and tomato), legume (cowpea and groundnut) and root and tuber (cassava, plantain and
yam). The summary from our study are as follows:

We suggest that projected changes in the temperature may lead to an increase between 1-4.5 °C
for the minimum and mean temperature over West Africa from the near future to the end of the century.
A change of about 10 mm is projected over the western Guinea-Savanna zone and no major changes
in other parts of the region and up to 25 mm along the coastal areas (west coast of Sierra-Leone to
south-west Ghana and the south coast of Nigeria) for the near future and mid-century. A projected
decrease up to 25 mm is expected over the region and up to 35 mm over the coastal area (from the west
coast of Gambia to north Liberia) by the end of the century.

Addressing our main objective, the Ecocrop simulated spatial suitability distribution of the crops
shows higher suitability are to the south of 14 °N while a lower suitability is to the north. The marginal
suitability line (around 12-14 °N) shows the transition between the higher and lower suitability of
the crop. Results show that the horticulture crops, pineapple and tomato, respectively are the most
negatively affected by the impact of CCD from the historical variability over the region. There is a
projected constraint showing a negative linear correlation with increasing warming in the cultivation
of most different crop types except for cowpea in the Guinea-Savanna AEZs (south of 14 °N) by the end
of the century due to an increasing reduction in the suitable area and crops suitability index value due
to the climate departure although most of the crop remains suitable. The impact of CCD will provide
opportunities for more suitable areas in the southern Sahel zone for cereals, mango and legumes crops
showing a positive linear correlation with increasing warming thus creating more land for cultivation,
which can in turn increase the yield and production of the crops. Generally, a projected delay of 1-4
months is expected for most of the crop types with CCD except for orange and cassava as well as maize
in the Savanna zone. No projected changes are observed for plantain and pineapple, mainly because
they are annual crops.

Statistically, we demonstrated that over 80% of the simulations agree with the sign of the projected
change for all the crop types due to the CCD and the changes are statistically significant at 95%
confidence interval for maize, cassava and mango. Additionally, we showed there is an increasing
trend in the projected crop suitability for all crops except yam with a decreasing trend due to CCD
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from the historical variability while a decreasing trend is projected for the future change in the month
of planting of the crops.

Despite our analysis, the results of this study can be improved and applied to reduce the future
impact of crop suitability and risks of food security over West Africa in many ways. For instance,
future studies may investigate the impact of CCD on the crop suitability and planting season over the
region using more RCMs with different forcing GCMs other than only RCA4. This may help resolve
the challenge of uncertainty in the future simulation of the crop suitability and planting season. In
addition, the results of the study will be more robust and improve our knowledge on the impact of
CCD and its influence on the crop suitability and planting season over West Africa. Further studies on
how to reduce the uncertainty will improve the credibility and application of the results. Nevertheless,
the present work shows the impact of CCD on the crop suitability and planting season using GCMs
downscaled with RCMs. This establishes a premise for future work in advancing our knowledge into
how CCD influences the crop suitability and planting season in West Africa.

In conclusion, the application of the concept of CCD in this study has demonstrated future
changes in how the crop suitability and planting season can be analyzed. The application of CCD
established the impact of climate change on crop suitability over West Africa and further identified
spatial variability in the future suitability showing that horticulture, cereal, root and tubers crops
will be most negatively affected by the impact of CCD in West Africa. It also identifies the three best
planting months in a growing season and the changes in the planting time is about four month delay
in the planting season for most crops but early planting for cassava, orange and maize but only in the
savanna zone. The application of CCD aims to underpin future works to advance the study of future
changes in crop suitability and planting in any region of the world. This type of analysis is important
for adaptation options and planning for future changes in the crop suitability and planting period to
improve food security.
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Abstract: High rainfall events and flash flooding are becoming more frequent, leading to severe
damage to crop production and water infrastructure in Burkina Faso, Western Africa. Special
attention must therefore be given to the design of water control structures to ensure their flexibility
and sustainability in discharging floods, while avoiding overdrainage during dry spells. This study
assesses the hydroclimatic risks and implications of floodplain climate-smart rice production in
southwestern Burkina Faso in order to make informed decisions regarding floodplain development.
Statistical methods (Mann-Kendall test, Sen’s slope estimator, and frequency analysis) combined with
rainfall—runoff modeling (HBV model) were used to analyze the hydroclimatic conditions of the
study area. Moreover, the spatial and temporal water availability for crop growth was assessed for an
innovative and participatory water management technique. From 1970 to 2013, an increasing delay
in the onset of the rainy season (with a decreasing pre-humid season duration) occurred, causing
difficulties in predicting the onset due to the high temporal variability of rainfall in the studied
region. As a result, a warming trend was observed for the past 40 years, raising questions about
its negative impact on very intensive rice cultivation packages. Farmers have both positive and
negative consensual perceptions of climatic hazards. The analysis of the hydrological condition
of the basin through the successfully calibrated and validated hydrological HBV model indicated
no significant increase in water discharge. The sowing of rice from the 10th to 30th June has been
identified as optimal in order to benefit from higher surface water flows, which can be used to irrigate
and meet crop water requirements during the critical flowering and grain filling phases of rice growth.
Furthermore, the installation of cofferdams to increase water levels would be potentially beneficial,
subject to them not hindering channel drainage during peak flow.

Keywords: inland valley development; hydroclimatic hazard; water control structure; sustainable
rice production
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1. Introduction

The future of West Africa, and its economic, political, and social balance, depend on the ability of
the agricultural sector to adapt and ensure food security under multiple pressures, such as climate
change and demographic growth. In Africa, only 12.5 million hectares are irrigated out of a total of 202
million hectares of cultivated land, or 6.2%. The proportion of irrigated land in the south of Saharan
Africa is even smaller, with only 5.2 million hectares, or 3.3%, of cultivated land being irrigated [1].
The increase in population will have serious implications in terms of agricultural production and the
availability of natural resources. Adaptive strategies to help cope with the potential decrease in crop
yields include promoting the extensive development of inland valleys in West Africa. This is because
of their great potential as rice-based production systems due to the high and secure water availability
and soil fertility [2]. As such, the West African floodplains are privileged places for agricultural
intensification, but play a diminishing role in the face of droughts that affect rainfed crops. Key factors
of concern for the agricultural development of floodplains include flood hazards, surface flow deficits
due to dry spells, and early flood recession. The valorization of floodplains faces numerous technical,
social, and economic constraints that involve an intensification of crops and hence new risks linked to
climate change. These are characterized by increased irregularities in rainfall, onsets of extreme floods,
and long-lasting droughts.

As a landlocked country, Burkina Faso is vulnerable to climate variability [3]. This variability
not only occurs at a daily, seasonal, and interannual scale, but can also be multidecadal. A break in
annual rainfall was observed during the 1970s, irrespective of latitude or longitude, in West Africa [4].
It was especially prominent in the savanna, which includes the study area of Dano. The causes of this
prolonged drought, subcontinental in scale, remain controversial and undoubtedly multifactorial and
multiscalar. Many authors have shown, in addition to the global natural variations (i.e., astronomical,
oceanic, and volcanic), the anthropogenic effects at different scales. These are observed at a regional
(increase in the albedo effect because of the rapid urbanization of the Sahel, and deforestation of the
lower coast reducing real evapotranspiration (ETR) and increasing flow), intercontinental (European air
pollution of the 1970s, favoring regional cooling, i.e., anticyclonic conditions in regulatory pathways),
and global (greenhouse gas-related climate change and its effects on heat and excessive events) level [5].
A change in hydroclimatic conditions can substantially modify the hydrological regime of an inland
valley and its drainage area [6]. This modification can result in flooding or drying conditions in the
lowlands, implying a possible reduction in its productivity. Furthermore, land cover and land use
change can alter the floodplain and impact its ecosystem [7], but investigating this is beyond the
scope of this study. Given the uncertainties in climate model predictions (especially for precipitation),
analyzing the current climate hazards using observed data and their possible implications for the
future is required.

Burkina Faso’s agricultural sector continues to generate approximately one-third of the country’s
GDP and employs 80% of the population [8], despite the harsh climatic condition. Notwithstanding
the importance of agriculture in the economy of Burkina Faso, the sector is facing many challenges,
including threats from many natural disasters, such as floods, droughts, and violent winds, which lead
to low crop and livestock productivity [9]. Since 1970, investment has been made by the government
of Burkina Faso to address the issue posed by hydroclimatic risks. This includes developing rice
production intensification policies in inland valleys that encompass physical development, the social
organization of production, material support, organization of the rice sector, subsidies, and legal
connotations. Subsequently, 10% of the inland valleys suitable for agriculture have been developed in
southwestern Burkina Faso. However, as reported by the regional agriculture extension service, up to
30% of the developed inland valleys have been abandoned due to increasing hydroclimatic hazards.

276



Climate 2020, 8, 11

There is therefore a need to describe the seasonal, average, and frequency characteristics of the climate
that can impact rice production in the region.

The objective of this work is to analyze the hydroclimatic hazards by considering the period of
1922-2017 and their implications for rice production in southwest Burkina Faso to support agricultural
policies for adequate water infrastructural development. Two research questions are considered: (i)
What are the current trends in climatic and hydrological hazards and what are their implications for
food production in inland valleys? (ii) What are farmers’ perceptions of the hydroclimatic risks in the
region, and what strategies have consequently been developed to face the challenges encountered?

2. Materials and Methods

This section is divided into five sub-sections, which are the study area and data used, the various
modalities of lowland development (traditional vs. modern development), climate-related local
knowledge and hydroclimatic variables” analysis, rainfall-runoff modeling and frequency analysis,
and water availability evaluation during the critical phase of rice development.

2.1. Study Area and Data Used

The case study areas are the Lofin catchment and Lofin inland valley, located in the municipality
of Dano in the southwest region (région du Sud-Ouest) of Burkina Faso, West Africa (Figure 1). Dano
is situated in a tropical climate region with a unimodal rainfall regime (Figure 2). The mean annual
rainfall is approximately 921 mm, with a standard deviation of 106 mm for the period 1980-2018. The
annual rainfall regime is characterized by the alternation of two contrasting seasons: a dry season
from November to March, in which rainfall is almost absent (58 mm in October, the driest month), and
a rainy season from April to October (average 238 mm in August, the wettest month) [10]. The climatic
water demand (ETO0) is more stable during the year, but it varies, on average, from 123 mm in August
to 175 mm in April [10]. Long-cycle crops (120 days), such as rice sown after the 10th of July, are at
risk of water stress in the middle and end of the growing cycle. The average annual temperatures
between 1970 and 2013 ranged from 25 to 33 °C and from 25 to 31 °C at the Boromo and Gaoua stations,
respectively (Figure 2). The annual insolation varies between 6 and 8 h/day, and the air humidity
ranges from 35% to 80%. The dominant vegetation comprises shrubs and/or the tree savanna type,
and resulting successional vegetation from the degradation of cleared forests [11]. This is due to both
human activities and the dry period since 1970.

In this region, wetlands have historically been used as pasture in the dry season. Rice was one of
the first crops cultivated in these areas (Figure 3). From the 20th century onwards, the agricultural use
of the inland valleys, referred to locally as ‘bas-fonds’, was fostered because of population growth and
migratory flows. Currently, in addition to rice, wetland use has been diversified with other crop types,
such as vegetables, fruits, and cereals [12]. Rice products are mainly intended for consumption, with
an increasing share of rice in the local food.
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Figure 1. (a) Location of the study area in Burkina Faso. (b) The southwest region. (c¢) The Lofin
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Figure 2. Rainfall and temperature at Boromo and Gaoua climatic stations.

The data used in this study are rainfall data of the Boromo and Gaoua stations from 1922 to 2016,
and rainfall data of the Dreyer Foundation from 2017 to 2018. Discharge data of the Lofing-Radier
station from 2017 to 2018 were measured by WASCAL (www.wascal.org) during project implementation.
Other climate data, such as the minimum and maximum temperature, sunshine duration, wind speed,
and minimum and maximum relative humidity from 1922 to 2016 of the Boromo and Gaoua stations
were used and obtained from the Burkina Faso national meteorological directorate (including long-term
rainfall data).
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Figure 3. Different types of lowland development, including a rice field model with sprinkler drains

(a,b), cyclopean concrete pouring dikes with a central cofferdam (c), and compacted clay bunds
protected by geotextiles and rocks following the level curves with openings (d).

2.2. Various Modalities of Lowland Development: Traditional vs. Modern Development

Four types of lowland development have been observed and can be classified into two main
groups: traditional and modern lowland designs. Traditional lowland development is a combination
of the techniques developed by farmers for managing the agrarian space, the water, and the various
types of production. The objective pursued by the farmers is to grow crops while minimizing the risks
associated with drought and flooding. Schemes designed by farmers for the control and management
of water in the lowlands include, firstly, large ridges arranged perpendicularly to the water flow
direction, and secondly, large ridges in the shape of a contour dike with gaps.

Baffles are formed that not only slow the flow of water favoring infiltration, but that also enable the
management of a water level in the grooves between the ridges. Upland crops (maize or tobacco) are
placed on the ridges. Sorghum and taro are placed on the flank of the ridges. Rice, a water-demanding
crop, is sown and transplanted into the furrows. This polyculture system is adapted to local conditions,
has a low associated cost, and is more resilient to the risk of climatic disasters.

In contrast, modern lowland developments are those designed and implanted by external
organisations, such as funded projects and programs, and NGOs. The principle objectives of such
developments are multi-functional, aiming to

- Partially control water through the installation of hydraulic structures;

- Distribute the water at the landscaped site;

- Optimize the drainage of flood waters;

- Avoid and minimize the adverse effects of water shortages due to dry spells during the crop
season; and

- Support non-seasonal crops, if possible.

To achieve these objectives, several types of development were designed, of which three (3) types of
models are described. First is the rice field model with sprinkler drains (Figure 3). This model consists
of channeling runoff by following preferential paths marked by the differentiation of surface elevation.
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The canals are used for irrigation and drainage. The individual plots are partitioned by small bunds
which the producers can open to irrigate their plants. This model is promoted in the area by the Dreyer
Foundation. Second are compacted clay bunds protected by geotextiles and rocks that follow the level
curves with openings. This model is a flood spreading arrangement, with the possibility of drainage
being provided by the openings. The third model is the cyclopean concrete pouring dikes with a
central cofferdam. This model is based on the threshold for slowing the flow of water on the course
bed, which leads to a substantial change in the height of the water level, and is then managed using
the cofferdam.

With these three models of landscape control, adding garden plants arranged with wells is
necessary. The modern development models of lowlands strongly alter the hydrology of the valley
bottom. Although this may be advantageous, it also adds new constraints that can become risks,
depending on the physical and social environment.

2.3. Climate-Related Local Knowledge and Hydroclimatic Variables” Analysis

A survey of farmers’ perceptions on climate and climatic changes was conducted in the Lofing
lowland in 2017 using a questionnaire. A total of 17 farmers were randomly selected, and a questionnaire
was administered individually. The hydroclimatic variables were statistically analyzed using the
quantile method, Mann-Kendall test, and Sen’s slope estimator. Different time steps were considered to
aggregate the time series over 10-day, monthly, and annual time scales. Reference evapotranspiration
was computed using the Food and Agriculture Organisation (FAO) ETo calculator software based
on the Penman-Monteith formula [13]. The rainfall onset and cessation dates were defined using
the Franquin (1969) [14] method. At the 10-day scale, the rainfall onset corresponds to the date from
which rainfall is greater than half of the potential evapotranspiration (R > ET0/2). The methodological
framework of the study is presented in Figure 4. It shows the different steps fulfilled to perform this
study. The Mann-Kendall test [15,16] is a nonparametric trend detection method widely applied to
hydroclimatic variables [17-19]. The null hypothesis Hj for the test is that there is no trend in the
time series, while for the alternative hypothesis Hj, there is a significant trend in the time series at the
0.05 significance level. This is a robust test in the sense that it does not make any assumptions about
the distribution of variables. In addition, the Sen slope method [20] is considered for estimating the
magnitude of the slope if a trend is detected in the time series.

Climate variables (data) Discharge data
(2017-2018) (2017-2018)
Hydrological modeling Climate Variables
(HBV) (1971-2018)
Famers perceptions on Daily and Decadal Discharge Statistical Analysis
climate variability (1971-2018) (MK test and Sen slope)
I
Frequency Analysis Hydrological condition
water availability analysis

Figure 4. Methodological framework of the study.
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2.4. Rainfall-Runoff Modeling and Frequency Analysis

To further access the hydrological aspect of the study area, an HBV model [21] was calibrated
and validated for the Lofing basin at the outlet of Lofing Radier. HBV is a conceptual, lumped, and
time-continuous hydrological model that simulates discharge using rainfall and potential evaporation
as inputs. The HBV model has four main component routines: (1) snow (not used); (2) soil moisture
(computes actual evapotranspiration, soil moisture, and groundwater recharge); (3) response function
(calculates runoff and groundwater levels); and (4) routing (calculates the distribution of runoff for
a given time series). Model calibration used 2018 data, and validation was performed with data
from 2017. Performance criteria included the Nash-Sutcliffe efficiency (NSE) normalized statistic [22]
combined with the coefficient of determination (R?). The past hydrological condition of the basin
was then simulated using climatic data from the Boromo and Dano stations (Figure 1) for the period
1971-2018 (Figure 4).

2.5. Water Availability Evaluation during the Critical Phase of Rice Development

The flowering and grain filling growth stages of rice are the most critical phases of its development.
Water stress during these phases can be seriously detrimental to the rice yield [10]. In the Dano region,
rice varieties with a growing period of 120 days are the most cultivated. By considering the following
10-day periods of rice sowing seed (21-30 June, 1-10 July, and 11-20 July), the critical periods for rice
development ranged from 11-20 September to the 11-20 October. The total discharge of water during
these 10-day periods was obtained. Trends in these data collection periods were evaluated using the
Mann-Kendall and Sen slope tests. The availability of water in terms of discharge, level, and volume
needed for effective rice development in the Lofing inland valley was then assessed.

3. Results and Discussion

3.1. Farmers’ Perceptions of Changes in Climatic Hazards in the Lofing Inland Valley

Farmers have both positive and negative consensual perceptions of climatic hazards. According to
them, no severe drought has been observed since 1974, except in 1984, when a famine was experienced.
Since 1996, extreme rains able to destroy houses have not been observed, except in 2015, when a
long-lasting and heavy rainfall event was recorded. Events perceived negatively were deemed to be of
the greatest importance. Farmers consider that the heat waves initially experienced mainly in April
have shifted to March and that they last almost the entire year. The weather is therefore perceived as
becoming warmer. Furthermore, the farmers perceive there to be changes in annual rainfall patterns
because, according to them, rainfall was previously well-distributed throughout the rainy season. Now,
they believe that the dry season is longer, and the rainy season is shorter and irregular. Dry spells have
become more frequent during crop growth and mainly occur during the rice grain formation stage.
According to the interviewed farmers, there is currently a decrease in rainfall amount per event, with
more thunderstorm winds, but limited rainfall, in comparison to past observations.

The events best-described by the farmers are the catastrophic years, the increasing heat, and the
effect of wetland development over the last two years. The consensual perceptions of the degrading
rainy season should be considered with caution, given the vagueness of the compared periods and
the intensity of the variations. For example, it is virtually impossible to attribute a precise date to
references such as “previously”, “formerly”, or “around 2000”, when farmers stated that there have
been more severe droughts in the past than at present. Was there a period of a small series of very
regular years that was idealized and would now be “referenced”? Did the farmers identify recent
problematic years to more comprehensively judge the past, thereby forgetting about the reality of
the variability and the change in the process? An in-depth analysis of several timescales of the long
climatological series, including a frequency analysis, is required to answer these questions.

Some perceptions are not consensual, namely, the rainfall onset date in 2017 and the effect of the
dike and channel rehabilitation in 2017. In fact, 10 of the 17 people interviewed reported an early
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rainfall onset, 3/17 interviewees reported a normal onset, and 4/17 interviewees indicated a late rainfall
onset in 2017. The least consensual perceptions are paradoxically related to the climate or the water
regime of the year. These perceptions address, on the one hand, the location of the respondent’s plot
in relation to the newly constructed dike, and on the other hand, the expectations that are relative to
a farmer’s specific needs and workplan. The perceptions of climate risk also do not have the same
levels of concern among individual respondents. Few have seen “no change” to the climate. In terms
of the motivation for sowing rice rather than transplanting in 2017, respondents cited the climatic risk.
However, the perception of climate risk varies, according to the respondents” gender and the level of
development of the lowlands (Table 1). Indeed, excluding the developed lowlands, the climate risk
was mentioned by 100% of women as the reason for rice transplanting. This result might be due a lack
of knowledge about agricultural rainfall onset identification. Early sowing is adopted by farmers to
free themselves from rainfall and hydrological hazards (i.e., uncertainty about the moisture conditions
of the lowland region). Despite existing water control structures in the developed lowlands (which are
designed to enable transplanting), up to 20% of farmers do not wait for good sowing conditions. Men
are more restricted by their other farming operations. Rice is of a lower priority, and where there is a
competition of labor against cotton, the lowlands are often abandoned. Indeed, the climate risk is less
important to them, as it is shifted toward alternative activities. This local information is extremely
valuable as it both identifies the concerns of local farmers and provides new information regarding
their perceptions and likely responses as a result. It is nevertheless necessary to compare the local
farmers’ perceptions with measured data, which is independent of the farmers’ gender, knowledge,
and situation.

Table 1. Reasons for the choice of sowing (rather than transplanting) in 2017, according to gender
and situation.

Reasons Operational Social Climate Lack of
Constraints Organization Risk Know-How
Undeveloped lowland by men (%) 43 0 43 14
Undeveloped lowland by women (%) 0 0 100 0
Developed lowland by men (%) 63 13 25 0
Developed lowland by women (%) 80 0 20 0

3.2. Analysis of Rainfall over the Last 40 Years at the Regional Scale

The mean rainfall recorded at Dano during 2013-2017 by the Dreyer Foundation (951 mm) is
similar to that of the period 1970-2013 at Boromo-Gaoua (962 mm). For that reason, the Boromo-Gaoua
rainfall stations, which are the closest to Dano, have been used to provide a detailed understanding of
the local climatic pattern. Increased water exceedance events (water available to recharge the reserve
and water flows) have been observed in Boromo since 1984 (Figure 5a). There has been no increase in
rainfall; however, an increase in water excess implies a change in rainfall regime and/or land use. More
rainfall in a shorter time period results in an increase in flood risk and less actual evapotranspiration.
In Gaoua, the change was small, but similar, to the change depicted in Boromo, except that the water
excess did not increase. Figure 5b shows the climatic balance of the last five years in Dano. There
was a high seasonal and interannual variability of rainfall during this period. In 2013, there was no
pre-humid period, the water excess was limited, and an early cessation of the season occurred, while
in 2014, the pre-humid period occurred in mid-July. In 2015 and 2016, there was no pre-humid period,
and the risk of inundation was high. A pre-humid period was detected in early September 2017, with
limited water excess.

The period of rainfall uncertainty is longest during the pre-humid season. The hazard zone
corresponds to rainfall being less than half of the potential evapotranspiration between the 25 and 75
quantiles of ten days of rainfall. The season profile is asymmetric, meaning that the cessation of the
season is more predictable than its onset and that the early rainy season provides more information on
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the rainy season duration. An ideal opportunity for an informed choice of season length, mainly if
there is the potential to irrigate, is provided based on this data.

- TWE Boromo ——— TWE Gaoua (a)
sssee 5per. Mov. Avg. (TWE Boromo) se e 5per. Mov. Avg. (TWE Gaoua)

800 i
TWE: Total water Exceedence I

700 |

600

£ 500 ".__

400

300
200

100

AR LRGP G S .. G O . L AR g S Py
S R AR

S
SRR $

W
Climatic Water Balance at Dano Station

200
180
160
140

£ 120
E 100
80

60

40

20

10/01/2013 10/01/2014 10/01/2015 10/01/2016 10/01/2017
—— 10day rainfall ([mm) —— 10day ETO
——ET0/2 —— Climatic Water Balance (P-ETO)

Figure 5. Water excess at Boromo and Gaoua rainfall stations from 1970 to 2012 (a) and the climatic
water balance at Dano station (2013:2017) (b).

3.3. Temperature Analysis at the Regional Scale

The Sen slopes estimated for each month by considering the minimum and the maximum
temperatures at Boromo and Gaoua from 1970 to 2013 indicate a tendency toward a warmer atmosphere.
During the rainy season (August to October), the average minimum temperature and the average
maximum temperature increased at a rate of 0.031-0.035 and 0.005-0.016 °C yr~!, respectively, which
is in line with the global observation [23,24]. The minimum temperature increased faster (around two
times) than the maximum temperature during the rainy season. Climate change causes increasing
air temperatures and evapotranspiration, increases the risk of intense rainstorms, and increases the
risk of heat waves associated with drought [25]. An increase in temperature was also observed in the
Beninese part of the Niger basin by Badou et al. (2017). An increase in temperature implies a higher
level of evapotranspiration, a higher water demand for crops, and a lower level of water exceedance.
An increasing temperature will exhibit a larger impact on the grain yield than on vegetative growth
and will reduce the ability of the crop to efficiently fill the grain or fruit [26]. This output has the
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potential to inform famers and stakeholders in framing appropriate policies for rice intensification in
the region. The minimum relative humidity (RH) increases from July to October at Boromo and from
August to December at Gaoua. The maximum RH decreases from May to September at Boromo and
from July to September at Gaoua.

3.4. Potential of Watering/Drainage of the Channels’ System in the Lofing Inland Valley

High seasonal and interannual variabilities of discharge were observed at the Lofing-Radier outlet
(Figure 6). Throughout the growing season, the river provides enough water to satisfy the requirements
of rice (100 L s7! is needed to irrigate 30 ha) (Figure A1). Irrigation should be possible whenever
necessary, mainly during the dry spell period. Irrespective of the rice sowing date, the critical period
(end of the rice cycle) requiring irrigation varies between the 10th of September and 20th of October.
Channel dimensioning is challenging in rice cultivated in inland valleys. There must be a trade-off
between the necessities of the discharge peak flow, while maintaining a water level in the channels
required for direct irrigation (through, for instance, the use of cofferdams), but also maintaining the
wetness of cultivated parcels. The drainage capacity of the channels is large enough for discharging
the peak flows arriving from the Dano basin at the outlet of Lofing, while its irrigation potential
is problematic. Although the inflow into the channel system was adequate, the water level in the
channels is problematic. The minimum water level required in one of the main channels for irrigation
is 35 cm. In 2017, the water level in the channels rarely exceeded 35 cm (Figure A2), suggesting that
the installation of cofferdams to increase water levels would be beneficial. The implementation of
cofferdams, however, may result in additional problems, such as hindering the channel drainage
function during peak flow. Frequency analysis has shown that the likelihood of obtaining a high flow
during the critical period is low, and mainly occurs after the 21st of September. To ensure that irrigation
at the end of the rice cycle is sufficient, different mobile cofferdam types require testing to ensure their
efficiency and acceptability in terms of cost and the capacity of farmers to implement the technology.
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Figure 6. Observed and simulated discharges produced by the HBV model (Q_Val, Q_Cal, and Q_obs
corresponding to the validation discharge, the calibration discharge, and the observed discharge,
respectively).
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3.5. Model Calibration and Validation

The HBV model was calibrated for the year 2018, and the simulated discharge was compared to
the observed discharge using the numerical and visual criteria. The observed and simulated discharges
are similar (Figure 6). NSE values for calibrated/validated data were 0.75/0.70, with a coefficient
of determination of 0.75/0.73 and a logarithm of NSE of 0.74/0.85. The high values imply a strong
performance of the HBV model for the two years of observed discharge. Both high discharge and
recession discharge (lower discharge) series were accurately simulated, although it is acknowledged
that a greater number of discharge observations are required to increase the accuracy in the future.

3.6. Hydrological Condition of the Lofing Upstream River

The calibrated and validated HBV model simulated discharge of the Lofing-Radier River
for the period 1971-2018. The water balance components, precipitation, discharge, and actual
evapotranspiration are shown in Figure 7. The results of the Mann-Kendall trend test applied to the
discharge statistic are shown in Table 2. No statistically significant trend at the 5% level was found
in the total annual discharge for the period 1971-2018, indicating that the hydrological regime of
the catchment did not vary at the annual scale. Nevertheless, a small annual increasing rate of the
discharge of 0.0074 mm per day (2.7 mm yr~!) was evident, implying a constant availability of water
at the annual scale. The flowering and grain filling of rice seeded between the 20th and 30th of June
occurred between the 11th and 20th of September. This stage of rice growing is critical since water
stress experienced in this period may drastically reduce the rice yield. No significant increase in the
water stress level is found during this period. Between the 21st and 30th of September, the third
quartile displays an increase in the risk of excess water levels. In October, there is an increase in water
resource availability, which is mainly beneficial for rice production during this critical stage.

1400 —— Osim Emm— Precipitation [ AET

<<<<<<<<<< Linear (Qsim) s+eseeeeee Linear (Precipitation) ==+ Linear (AET)
1200
1000

800 I‘I]
600
400
200
0

Figure 7. Water balance components: precipitation, simulated discharge (Qsim), and actual
evapotranspiration (AET) for the period 1971-2018.

Water Balance Components (mm)

Table 2. Sen slope (SS) and total 10-day water discharges (see Section 3.3) in different conditions for
1971-2018. * indicates a significant trend obtained through the Mann-Kendall test.

11-20 September 21-30 September 1-10 October 11-20 October
. 10 day water 10 day water 10 day water 10 day water
B * * * B

Test implemented (1971-2018) SS/MK (mm) SS/MK (mm) SS/MK (mm) SS/MK (mm)
1st Quartile (Dry Condition) 0.006 <12.7 0.009 <11.7 0.009 * <9.2 0.006 * <6.4

) . 195 16.8 . 126 . 92
Median (Normal Condition 0.009 1127, 24.1] 0.010 [11.7, 20.5] 0.010 [92,5.7] 0.007 [6.4, 10.4]
3rd Quartile (Wet Condition) 0.014 >24.1 0.016 * >20.5 0.013 * >15.7 0.008 * >10.4
Sum 0.120 - 0.125 - 0.127 * - 0.070 *
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The water level in the river at the gauging station decreased from the 10th of September to 10th
of October (Table 2). Therefore, if there is enough rainfall, sowing the rice during 10-30 June will
be optimal to take advantage of the higher surface water flows that can be mobilized to irrigate and
meet the crops’ water requirements during the critical phases of flowering and formation-filling of the
grains. Lower flow rates can be utilized to irrigate the crop during the critical phases if sown between
thelst and 20th of July.

4. Conclusions

Rainfall events exceeding 100 mm and flash flooding are becoming more frequent, leading to
severe damage to crop production and water infrastructure. Special attention must therefore be given
to the design of water control structures to ensure their flexibility and sustainability in discharging
floods while avoiding overdrainage during dry spells. In this study, we analyzed the hydroclimatic
conditions of the study area Dano, Burkina Faso, and the implication for rice production in the region.
There was no significant increase in annual rainfall for the period of 1970-2013; however, an increasing
delay in the onset of the rainy season (with a decreasing pre-humid season duration) was observed.
This causes difficulties in predicting the onset due to the high temporal variability of rainfall in the
studied region. As a result, a warming trend was observed for the past 40 years, raising questions
about its negative impact on very intensive rice cultivation packages. During the rainy season (August
to October), the average minimum and maximum temperatures increased by 0.031 and 0.016 °C yr~t,
respectively, comparable to global observations. The maximum relative humidity decreased due to
this increase in temperature, while the sunshine duration also decreased. Farmers have both positive
and negative consensual perceptions of climatic hazards. The HBV hydrological model indicated no
significant increase in water discharge; however, the total 10-day water level observed between the
11th of September and 20th of October, corresponding to the critical flowering and grain filling phases
of rice growth, showed an increasing trend for the period 1971-2018.

The sowing of rice during the 10-30 June has been identified as optimal in order to benefit from
the higher surface water flows, which can be used to irrigate and meet the crop water requirements
during the critical phase outlined. The installation of cofferdams to increase water levels would be
beneficial, subject to them not hindering channel drainage during peak flow, although water flow after
the 21st of September was generally insufficient to be deemed an issue. To ensure that irrigation at
the end of the rice cycle is sufficient, different mobile cofferdam types require testing to ensure their
efficiency and acceptability in terms of cost and the capacity of farmers to implement the technology.
The results of this study will be useful to rural communities, as well as decision makers, in framing
agricultural risk management in the study region and devising policy for rice intensification in lowland
areas. Further data collection is required to improve the HBV model output and to account for climate
and land change effects on rice production in Dano, Burkina Faso.
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Appendix A

Average of Q Lofing m”3/s —— Min Required Discharge
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Figure A1l. Comparison of the available discharge and irrigation water requirement for the 30 ha

Lofing inland-valley.
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of Lofing inland-valley. Points represent the water level measurement locations.

287



Climate 2020, 8, 11

References

1. Faures, J.; Sonou, M. Les aménagements hydro-agricoles en Afrique Situation actuelle et perspectives; FAO: Rome,
Ttaly, 2005.

2. Danvi, A, Giertz, S.; Zwart, S.J. Rice Intensification in a Changing Environment: Impact on Water Availability
in Inland Valley Landscapes in Benin. Water 2018, 10, 74. [CrossRef]

3. Ouédraogo, M.; Dembele, Y.; Somé, L. Perceptions et stratégies d’adaptation aux changements des
précipitations: Cas des paysans du Burkina Faso. Cah. Agric. 2010, 21, 87-96. [CrossRef]

4. Badou, D.E; Kapangaziwiri, E.; Diekkriiger, B.; Hounkpeg, J.; Afouda, A. Evaluation of recent hydro-climatic
changes in four tributaries of the Niger River Basin (West Africa). Hydrol. Sci. ]. 2017, 62, 715-728. [CrossRef]

5. Jacob, D.; Kotova, L.; Teichmann, C.; Sobolowski, S.P.; Vautard, R.; Donnelly, C.; Koutroulis, A.G.;
Grillakis, M.G.; Tsanis, I.K.; Damm, A.; et al. Van Earth’s Future Climate Impacts in Europe Under +
1.5 °C Global Warming. Earth’s Future 2018, 6, 264-285. [CrossRef]

6.  Yacouba, Y.; Aymar, B.Y.; Fusillier, J.; Thomas, Y.B. Failure of inland valleys development: A hydrological
diagnosis of the Bankandi valley in Burkina Faso. Model. Earth Syst. Environ. 2019, 5, 1733-1741. [CrossRef]

7. Leembhuis, C.; Thonfeld, F; Naschen, K.; Steinbach, S.; Muro, J.; Strauch, A.; Ander, L.; Daconto, G.; Games, L.
Sustainability in the Food-Water-Ecosystem Nexus: The Role of Land Use and Land Cover Change for Water
Resources and Ecosystems in the Kilombero Wetland, Tanzania. Sustainability 2017, 9, 1513. [CrossRef]

8. USAID Agriculture and Food Security. Available online: https://www.usaid.gov/burkina-faso/agriculture-
and-food-security (accessed on 29 April 2019).

9.  Yameogo, T.B.; Bossa, A.Y.; Torou, BM.; Fusillier, J.; Da, D.E.C.; Yira, Y.; Serpanti, G.; Some, F;
Dama-balima, M.M. Socio-Economic Factors Influencing Small-Scale Farmers” Market Participation: Case of
Rice Producers in Dano. Sustainability 2018, 10, 4354. [CrossRef]

10. Raherizatovo, T. Conception d’aménagements a maitrise partielle de 1’eau pour l'irrigation du riz dans les
bas-fond du Sud-Ouest du Burkina Faso. Master’s Thesis, CIRAD Montpellier—UMR G-EAU, Montpellier,
France, 2018.

11. Bellefontaine, R.; Gaston, A.; Petrucci, Y. Aménagement des foréts naturelles des zones tropicales séches; FAO:
Rome, Italy, 1997.

12.  Da, S.J. Etude des usages et de la regénération d’une plante alimentaire au Sud-Ouest du Burkina Faso; Polytechnic
University of Bobo-Dioulasso: Bobo-Dioulasso, Burkina Faso, 2009.

13. Allen, R.; Pereira, L.; Raes, D.; Smith, M. Crop Evapotranspiration—Guidelines for Computing Crop Water
Requirements—FAO Irrigation and Drainage Paper 56; FAO: Rome, Italy, 1998.

14. Franquin, P. Analyse agroclimatique en régions tropicales, saison pluvieuse et saison humide, applications.
Cah. ORSTOM 1969, 9, 65-95.

15. Mann, H. Nonparametric tests against trend. Econometrica 1945, 13, 245-259. [CrossRef]

16. Kendall, M. Rank Correlation Methods; Griffin: London, UK, 1975.

17.  Ahmad, L; Tang, D.; Wang, T.; Wang, M.; Wagan, B. Precipitation trends over time using Mann-Kendall and
spearman’s Rho tests in swat river basin, Pakistan. Adv. Meteorol. 2015, 2015, 431860. [CrossRef]

18. Shadmani, M.; Marofi, S.; Roknian, M. Trend Analysis in Reference Evapotranspiration Using Mann-Kendall
and Spearman’s Rho Tests in Arid Regions of Iran. Water Resour. Manag. 2011, 26, 211-224. [CrossRef]

19. Zhang, W.; Yan, Y.; Zheng, J.; Li, L.; Dong, X.; Cai, H. Temporal and spatial variability of annual extreme
water level in the Pearl River Delta region, China. Glob. Planet. Chang. 2009, 69, 35-47. [CrossRef]

20. Nash, ].E.; Sutcliffe, J.V. River flow forecasting through conceptual models: Part I—A discussion of principles.
J. Hydrol. 1970, 10, 282-290. [CrossRef]

21. Sen, PK. Estimates of the Regression Coefficient Based on Kendall’s Tau. J. Am. Stat. Assoc. 1968, 63,
1379-1389. [CrossRef]

22.  Bergstrom, S. The HBV Model—Its Structure and Applications; RH No 4; SMHI: Norrkoping, Sweden, 1992.

23. IPCC Climate Change. 2001: The scientific basis. In Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate Change; Houghton, J.T., Ding, Y., Eds.; Cambridge University
Press: Cambridge, UK, 2001; p. 881.

24.  Arnell, N.W. Relative effects of multi-decadal climatic variability and changes in the mean and variability of

climate due to global warming: Future streamflows in Britain. ]. Hydrol. 2003, 270, 195-213. [CrossRef]

288



Climate 2020, 8, 11

25. Touré, H.A ; Kalifa, T.; Kyei-Baffour, N. Assessment of changing trends of daily precipitation and temperature
extremes in Bamako and Ségou in Mali from 1961-2014. Weather Clim. Extrem. 2017, 18, 8-16. [CrossRef]

26. Hat,].L.; Prueger, ] H. Temperature extremes: Effect on plant growth and development. Weather Clim. Extrem.
2015, 10, 4-10.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

289






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Climate Editorial Office
E-mail: climate@mdpi.com
www.mdpi.com/journal/climate







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03936-383-4



	Blank Page



