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Abstract in this study, we analyze a set of agroclimatological indices across West Africa and assess their
projected changes for the future. We apply the regional climate model CCLM (COnsortium for Small-scale
MOdelling in CLimate Mode) with a high spatial resolution of 0.11° (approximately 12 km) under current
(1981-2010) and future climate conditions, based on the emission scenario RCP4.5. The focus is on purely
rainfall-based indices, that is, the onset (ORS), the cessation (CRS), and the length of the rainy season (LRS)
and the joint rainfall- and temperature-based indices, that is, growing degree days (GDD) and the water
availability (WAV), derived for maize, sorghum, and pearl millet across Guinea, Savanna, and Sahel. For

the present, in general, the CCLM compares well to observations, represented by three different products.
However, CCLM shows limitations in the representation of the CRS over Guinea with a delay of >30 days
and the GDD and WAV over Sahel with biases up to 30% and 70% for all crops. For the future climate
projections, ORS, CRS, and LRS are expected to be delayed up to 2 weeks for most regions, in particular for
the period 2071-2100. The GDD is expected to increase by around 8% till 2021-2050 and by around 5%
till 2071-2100 for all crops. The WAV is expected to be decreased by up to 10% in 2021-2050, and by up to
24% in 2071-2100 in Sahel, and <12% over Guinea and Savanna in both periods. In particular, we evaluate
the added value of the high-resolution CCLM information for decision support in agricultural management.

1. Introduction

It has been estimated that the annual world production of crops and livestock will need to be 60% higher
in 2050 than in 2006 (FAO [Food and Agriculture Organization], 2016) in order to meet the demand for food.
In particular for West Africa, the population is expected to increase significantly by about 54% in 2050 and
about by 82% in 2100 (United Nations Population Division [UN], 2017). At the same time, negative crop yield
trends are predicted for the forthcoming decades for most of the staple crops (Lobell et al., 2008).

West Africa is mainly characterized by rainfed agriculture and is thus highly vulnerable to climate change.
Due to the growing competition for water and the high investment costs in irrigation development, further
expansion of irrigation across West Africa remains unlikely. Rainfall is already highly variable under current
conditions, and the variability is expected to increase further under climate change.

Apart from severe droughts, it is mainly the intraseasonal and the interannual rainfall variability, which may
cause crop failure and food shortages (e.g., Mishra et al., 2008; Sivakumar, 1988; Sultan et al.,, 2005; Syed et al.,
2010). For instance, Wheeler et al. (2007) simulated the effect of evenly and unevenly distributed intraan-
nual rainfall on crop yield, independently of the total seasonal rainfall amount. For this reason, the success of
planting depends on the knowledge of the agricultural onset of the rainy season (subsequently referred to
as ORS). The ORS coincides with the planting date, which belongs to the most crucial tactical decisions under
rainfed agriculture, especially in semiarid regions where the rainy season is limited to a few months per year
only. Planting too early might lead to crop failure in case no significant rain will fall within days thereafter.
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Conversely, planting too late may reduce valuable growing time and hinder the crop of reaching maturity.
Salack et al. (2011) showed that the onset of the rainy season is often followed by dry spells, known as “false
starts” of the wet season in literature.

In order to study the onset of the rainy season, it is important to distinguish between two general approaches,
one for large-scale meteorological and the other for local-scale agricultural applications (Vellinga et al., 2013).
For agricultural applications, an accurate prediction of the date of the ORS is more useful than a good predic-
tion of total rainfall. For this reason, a number of rainfall threshold-based approaches have been developed
to predict the agriculturally relevant ORS in West Africa. One of the commonly used rainfall threshold-based
approaches is the definition of Stern et al. (1981), which states that the wet season has started when, for the
first time after 1 March, 25 mm of rain are being exceeded within two consecutive days, and no dry period of
10 or more days occurs in the following 30 days. Prior to its application, however, the user is asked to adapt
these criteria, which strongly depend on local weather conditions, soil types, the evaporative demands of
crops, and cropping practices. Consequently, a wide variety of derivatives of this definition exists for West
Africa (e.g., Morel, 1992; Omotosho, 1990; Sivakumar et al., 1993; Traoré et al., 2000).

Laux et al.(2008, 2009) extended the definition of Stern et al. (1981) for the Volta basin of West Africa by using a
fuzzy logic approach. The major advantage of this extension is that the ORS does not strictly depend on fixed
rainfall thresholds. As an example, it should not make any difference for planting if 25 mm or only 24.9 mm
of rainfall. In a series of follow-up studies, rainfall thresholds have been optimized for specific regions by cou-
pling this fuzzy logic ORS approach to process-based crop models (Laux et al., 2010; Waongo et al., 2014,
2015). Similarly, threshold-based approaches for the cessation of the rainy season (CRS) have been developed.
Mugalavai et al. (2008), Oladipo and Kyari (1993), and Sivakumar (1988) investigated the fluctuations in the
ORS, the CRS, and the length of the rainy season (LRS) in West Africa. They reported a poor performance on
determining the CRS, which results also in poor estimates of the LRS.

Also, simpler approaches based on the (annual) cumulative rainfall amounts are in use to determine the ORS
and the CRS. Examples are presented by Olaniran (1983) and Odekunle (2004, 2006). Besides the ORS, CRS,
and LRS, further measures are of interest in agriculture. One crucial measure is the growing degree day (GDD),
which can be used to assess the suitability of a region for production of a particular crop (Carew et al., 2009),
to estimate the growth stages of crops (Miller et al.,, 2001), maturity, and harvesting (Parthasarathi et al.,
2013) and to predict best timing of fertilizer or pesticide applications (Herms, 2004; Juszczak et al., 2008).
Many studies applied the aforementioned ORS approaches (precipitation threshold-based and cumula-
tive sum approaches) in combination with observed rainfall series but rarely in combination with output
from regional climate models (RCMs). Modeling studies by Ramel et al. (2006), Sijikumar et al. (2006), and
Vanvyve et al. (2008) have used individual coarse-resolution climate models to simulate the monsoon onset.
They found that models are useful to expose processes related to the African monsoon onset. Recently,
within the framework of the Coordinated Regional Downscaling Experiment project, Mounkaila et al. (2015)
evaluated nine RCMs in simulating the rainfall onset dates. They concluded that the RCMs ability in simulat-
ing ORS depends strongly on the models capability in simulating the monsoon system features and on the
definition of the ORS. Kim et al. (2008) pointed out that the models with high resolutions generally reproduce
better spatial patterns of monsoon precipitation compared to models with lower resolution. Therefore, based
on these conclusions, we performed our new very high-resolution regional climate simulations.

In this study, the value of high-resolution RCM simulations is assessed for agricultural management.
The high-resolution simulations were performed using CCLM (COnsortium for Small-scale MOdelling
in CLimate Mode; Doms et al., 2011) based on the configuration presented in Dieng et al. (2017).
Agroclimatological parameters are derived for the past (1981-2010) and two future periods (2021-2050 and
2071-2100), comprising ORS, CRS, and LRS, as well as GDD and water availability (WAV). More specifically,
we applied two conceptually different ORS and CRS approaches, that is, a threshold-based and a cumulative
approach to the results of the high-resolution CCLM climate projections across West Africa. The ORS and CRS
are not specific for the different crops, but GDD and WAV are specifically calculated for cropping of maize,
sorghum, and pearl millet.

The present study is structured as follows: In section 2, we describe the setup of the experiment including
the RCM, the study regions, the selected crops, and the definition of the agroclimatological indices.
In section 3, we evaluate the RCM for the present climate and discuss the simulated future changes of the
investigated indicators. Conclusions are drawn in section 4.
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Figure 1. Model domain and delineation of the three different agroclimatic zones: Guinea, Savanna, and Sahel,
following Omotosho and Abiodun (2007), Abiodun et al. (2012), and Mounkaila et al. (2015).

2. Material and Methods

2.1. Setup of the RCM CCLM

The simulations analyzed in this study were performed using the CCLM RCM (version 4.8), driven by the
lateral boundary conditions from the MPI-LR (ECHAM®6) global Earth System Model (Stevens et al., 2013).
The climate simulations are based on the RCP4.5 emission scenario. For the downscaling, a nested approach
has been used applying two domains at 0.44° (50 km) and 0.11° (12 km) resolution. More details about
the CCLM setup and an evaluation of a simulation driven with ERA-Interim reanalysis data are given in
Dieng et al. (2017). The authors concluded that CCLM is able to reproduce the major observed climate
characteristics across West Africa, including the West African Monsoon (WAM). However, CCLM exhibited
shortcomings in the simulation of the WAM. The progression of the WAM tended to be too far to the north,
leading to a significant overestimation of the precipitation amount by 60% during June, July, August, and
September in the Sahel region. On the other hand, the precipitation amount over the Guinea region was
underestimated. In general, a lower precipitation bias was obtained in the high-resolution (0.11°) simulations.
For this reason, this study is restricted to the CCLM simulation in 0.11° exclusively. The evaluation is performed
with ECHAMG for the present-day climate (1981-2010), and we discuss the expected future climate change
impact for the two future 30-year periods, from 2021 to 2050 (near future) and from 2071 to 2100 (far future).
The evaluation is restricted to over land only. All applied observational reference data sets were resampled to
0.11° resolution. For computational and storage reasons, we limited our study to one scenario (i.e.,, RCP4.5), in
favor for this high spatial resolution.

2.2. Study Region

The model evaluation and the assessment of the expected future climate change impact are performed for
three different regions with different climatic characteristics. The differentiation is related to the precipitation
amount and length of the rainy season but also linked to agroecological features. These areas are Guinea
(4°N to 8°N), Savanna (8°N to 12°N), and Sahel (12°N to 16°N; Figure 1). The west-east extension of the study
region is from 18°W to 15° E following previous studies (Abiodun et al., 2012; Mounkaila et al., 2015; Omotosho
& Abiodun, 2007). Similar regions were also used for an identification of the spatiotemporal evolution of the
agroclimatical risks for Benin, Togo, and Nigeria (Alhassane et al., 2013), for an assessment of the impact of
climate change on the yield of sorghum and millet (Sultan et al., 2013), and for the improvement of the risk
assessment related to historical trends in temperature and rainfall variability on crop water demand, biomass,
and grain yields of pearl millet and maize (Salack et al., 2015).

2.3. Validation Data

This study uses a set of climate reference data, providing information on daily rainfall amount as well as
mean, maximum, and minimum temperature. These data sets include AGMERRA (Agricultural Modern-Era
Retrospective Analysis for Research and Applications; Ruane et al., 2015), CHIRPS (Climate Hazards Group
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Table 1
Several Temperature and Rainfall Characteristics for Different Plant Growth Phases of the Selected Crops Used in This Study
Crops
Characteristics Maize Sorghum Pearl millet

Phase 1 (germination and emergence to leaf development)

Days after sowing (days) 5-55 0-30 0-21
Trmean (°O) 26-35 20-36 25-36
Topt Q) 19 25 10
Tnax Q) >26 >35 >25
Max. water (mm) 50-200 150 50
Phase 2 (flowering and grain development)
Days after sowing (days) 57-120 21-42 21-42
[N @) 21-30 26-34 23-32
Topt CC) 22 20 21
Trax (°0) 35 <33 <35
Max. water (mm) >150-250 <150 150
Phase 3 (grain filling, ripening, and physiological maturity)
Days after sowing (days) 102-140 65-110 42-77
Trnean (°O) 21-30 23-31 22-32
Topt Q) 25 24 <33
e O <45 >35 42
Max. water (mm) <50 50 <200
Min. water (mm/year) 600-1,200 500-1,000 400-900
Planting date May/June March/April March/April
Critical stages Phase 3 Phase 2 Phase 2
Terit Q) 35 40 45
Tpase (CC) 10 25 23

Infrared Precipitation with Stations; Funk et al., 2014), UDEL (University of Delaware; Willmott & Matsuura,
1995), and EWEMBI. This acronym is built from E20BS (EartH2Observe forcing data; Calton et al., 2016) and
WFDEI (WATCH Forcing Data methodology; Weedon et al., 2014) applied to ERA-Interim data (Dee et al., 2011)
Merged and Bias-corrected for ISIMIP (Inter-Sectoral Impact Model Intercomparison Project). CHIRPS data
have a spatial resolution of 0.05 x 0.05° and is available from 1981 onward to near present. AQMERRA and
EWEMBI are at 0.5 x 0.5° resolution and cover the entire globe and a period from 1980 to 2010 and 1979 to
2013, respectively.

2.4, Selected Crops and Considered Agricultural Indices

The main staple crops of the regions are maize, sorghum, and pearl millet. According to USAID and FAO, maize
contributes with about 20%, sorghum with 22%, and millets (pearl and finger) with 19% to domestic food
production (FAO Statistics Division 2015). The model evaluation and the assessment (Table 1). During the
growing season, the minimum water requirement is 500-600 mm for maize and 400 mm for sorghum. In
comparison to the others crops, pearl millet is more suitable for hot and dry climates. It can even be grown in
areas, where rainfall does not exceed 300 mm. However, during particular growth stages, wet conditions may
also be harmful for the crops.

In addition to precipitation, temperature is the second major environmental factor affecting the growth,
development, and yield of crops. The favorable or optimal day and night temperature range for plant growth
and maximum yields varies among the crop species. The life cycle of crops is characterized by the base
temperature Ty, and the optimum temperature T, requirement to complete a specific phenophase or,
if integrated, the whole life cycle. Besides daily average temperature (T, .,,), also maximum temperature

mean
(Thmax) Must be considered. Several studies found that temperatures of above 35°C are lethal to maize pollen
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Table 2
Temperature- and Precipitation-Related Agroclimatological Indices Used in This Study
Acronym Description Unit
MST Mean seasonal temperature °C
MSP Mean seasonal precipitation mm
ORS Onset of rainy reason days

DEF1: first day of a pentad starting from 1 March with more than one wet day,
in which more than 15 mm of rainfall fall and which is not followed
by a dry spell >6 days within the next 30 days after the planting. A wet
day is defined as a day with precipitation >1 mm (Laux et al., 2008).
DEF2: 8% of the annual cumulative rainfall within 5-day spell
(llesanmi, 1972; Odekunle, 2004)
CRS Cessation of rainy season days
DEF1: first date after September without a wet day in the following
20 days. A wet day is defined as a day with precipitation >1 mm
(Laux et al., 2008).
DEF2: 90% of the annual cumulative rainfall within 5-day spell.
(llesanmi, 1972; Odekunle, 2004)

LRS Length (duration) of rainy season days
DEF1 =DEF2 =CRS — ORS + 1

GDD Growing degree days °C

WAV Water availability mm

viability (Dupuis & Dumas, 1990; Herrero & Johnson, 1980; Schoper 1987). Leaf photosynthesis rate of maize
has a high T, of 33 to 38°C (Crafts-Brandner & Salvucci, 2002). Maiti et al. (1996) reported that sorghum
vegetative growth has a T, of 26-34°C, while reproductive growth has a T, of 25-28°C. For example, the
vegetative development of sorghum has a Ty, of 8°Cand a T, of 34°C (Alagarswamy & Ritchie, 1991), while
reproductive development of sorghum has a T, of 31°C (Prasad et al., 2006). The temperature for the growth
of pearl millet ranges from a base temperature of 10-12° C to a sharply defined optimum at 33-34°C and
drops to 0 at about 45-47°C (Ong & Monteith, 1985).

Table 1 gives an overview of the selected crops with the difference stages of the growing cycle (phenophases),
the approximate number of days, and temperature and rainfall requirements at the three major phases of
development. Phase 1 corresponds to the vegetative phase; Phase 2, to the reproductive phase; and Phase 3,
to the maturity stage. Table 1 summarizes temperature and rainfall characteristics for the plant growth phases,
following the recommendations of United States Agency for International Development.

The applied indices were selected from an agroclimatological point of view, and the focus is set on a perfor-
mance analysis for subsequent agroclimatological impact modeling. Acronyms and the applied statistics are
listed in Table 2. For this study, we have used two definitions (DEF1 and DEF2) of the ORS and the CRS. The LRS
for both definitions corresponds to the difference between the cessation and the onset. DEF1 is based on Laux
etal. (2008); and DEF2, on llesanmi (1972) and Odekunle (2004). DEF1 is a threshold-based definition account-
ing for the rainfall amount, the number of rainy events, and the “false starts.” Preliminary results reveal that
thresholds between 15 and 25 mm falling within three consecutive days and no dry spell of >6 days within
a period of 16 to 22 thereafter is appropriate for the domain of West Africa (Laux et al., 2008, 2009). The CRS
is based on two threshold values, that is, the rainy day threshold and the number of consecutive dry days.
Here 0.5 mm as threshold for a rainy day and 7 days for a dry spell period are selected for West Africa based
on previous results (not shown). The onset and cessation dates in DEF2 are determined using the cumulative
percentage mean rainfall constructed from 5-day rainfall averages (pentads).

The most common temperature index used to estimate complete crops growth and development is the GDD.
The measure is calculated throughout the season for each planting date, given by

Mvp

GDD = Z GD(i), (1
i=PD
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where PD is the planting date, MVP is the minimum vegetative period, and GD(i) is the daily accumulations
of heat.

0 if T()<Tpee OF T()>Tgp
GD(i) = @
T() = Toase If  Tpase < T() < T(crit),

T() = (Tin () + Trax()/2. 3)

Days that are warmer than normal may increase the plant growth (Miller et al., 2001), and each development
stage requires a specific amount of accumulated GDD. Regarding the summer crops growing season, the FAO
reports two different ranges of values. Maize requires a GDD between 100 and 120; sorghum, between 120 and
130; and pearl millet, between 80 and 120 days to reach maturity. The base temperatures T, .., are determined
experimentally and are different for the various crops. The reported base temperature for maize development
is 10°C, while it is 25°C for sorghum and 23°C for pearl millet (Del Rio & Brent, 2014).

For maize, the GDD is set to 10 and 35°C for the lower and higher boundaries, respectively. To be specific, a
day with a temperature below 10 and above 35°C does not contribute to increase the GDD, while a day with
a temperature between 10 and 35°C does. Degree days are then summed over all 100 days in the growing
season, which correspond to the minimum vegetative period of maize.

The WAV is the precipitation amount during the minimum vegetation period and amounts to 100 days for
maize, 120 days for sorghum, and 80 days for pearl millet. This measure is calculated using the following
equation:

MVP
WAV = Z RR(i), ()
i=PD

where RR(i) corresponds to the daily rainfall amount.

3. Results

3.1. Evaluation of Present Climate and Agrometeorological Characteristics

Evaluating the 0.11° high-resolution regional climate runs shows that CCLM is in general capable of reason-
ably reproducing the observed regional- and local-scale mean temperature (1981-2010) features across West
Africa (see supporting information Figure S1) for the seasons MAM (March-May) and JJA (June-August).
However, based on the various observational data sets, the simulations exhibit distinct biases (calculated as
model minus observation) of varying magnitudes for the different subregions. The spatial distribution of the
biases based on the different observational data sets is shown in Figure 2. It can be seen that negative biases
prevail across the West African domain. Although having different magnitudes for the different observational
data sets, the spatial patterns of the biases are similar. Figure 3 depicts the distribution of the biases across
the three agroecological zones as defined in Figure 1.1t can be clearly seen that MAM simulations are closer to
the observations. While the biases (magnitude and distribution) are comparable for AQMERRA and UDEL, the
median of the bias distribution is significantly lower for EWEMBI, in particular for the Guinea and the Savanna
regions. During MAM, the smallest biases in the mean temperature are found in the Savanna regions with
less than 1°C. The biases in the Guinea and the Sahel regions in MAM and in all areas during JJA are larger
and around approximately 2.1°C. There is an increasing range in the biases from south to north, following the
observed temperature gradient (and variability). It should be noted that the mean difference between the
observational data sets is up to 0.6°C. Overall, the spread in the bias distribution as well as the magnitude
of the biases is largest for the Sahel region. This is in agreement with previous Coordinated Regional Down-
scaling Experiment regional climate studies (e.g., Dosio & Panitz, 2016; Dosio et al., 2015), which found similar
temperature biases for the present climate in regions above 20°N.

The simulated precipitation patterns are in good agreement with the observations (see supporting informa-
tion Figure S2), but the major band of precipitation (Intertropical Convergence Zone) is shifted further to the
northin JJA. This causes a precipitation overestimation in the northern part of the Sahel region, similar to what
was found for the CCLM simulation driven by the ERA-Interim reanalyses (Dieng et al., 2017). The simulated
mean seasonal precipitation and the bias to the different observations is shown in Figure 4. The biases range
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Figure 2. Simulated CCLM mean seasonal temperature in degrees Celsius for the period 1981-2010 (a, b). Biases related to the reference data sets AQMERRA
(c, d), UDEL (e, f), and EWEMBI (g, h). Left panel depicts the MAM (March, April, and May) season, while the right panel depicts the JJA (June, July, and August)
season. CCLM = COnsortium for Small-scale MOdelling in CLimate Mode; AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and
Applications; UDEL = University of Delaware; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact
Model Intercomparison Project.
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Figure 3. Areal bias (1981-2010) of the simulated CCLM temperature to the observations AQMERRA, CHIRPS, and
EWEMBI for the season MAM (a) and season JJA (b) over the subregions Guinea, Savanna, and Sahel. MAM = March,
April, and May; JJA = June, July, and August; CCLM = COnsortium for Small-scale MOdelling in CLimate Mode; AQMERRA
= Agricultural Modern-Era Retrospective Analysis for Research and Applications; UDEL = University of Delaware; EWEMBI
= E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model
Intercomparison Project.

from 5 mm in EWEMBI to 37 mm in AQMERRA during MAM and from 27 mm in EWEMBI to 55 mm in AQMERRA
during JJA. Table 3 shows the relative precipitation biases for the three subregions. The biases in the Guinea
region range from —8% to —15% and from 0.2% to 5.4% in the Savanna region and reach values up to 200%
in the Sahel region during the MAM season. In JJA, there is a wet bias of around 20% in the Guinea region and
around —2% and 4% in the Savanna region. In the Sahel region, the precipitation is overestimated by approx-
imately 30%. Again, there is difference between the mean value in the observations ranging between —4.5%
and 2.7% in the Guinea region, between —6% and 0.6% in the Savanna region, and between —11% and 22%
in the Sahel region. Similar biases were reported by Sylla et al. (2015) and Diallo et al. (2016), who applied the
RegCM4 model driven by ECHAM6.

After quantifying the temperature and precipitation biases across the three agroclimatic zones, selected agro-
climatological indices for agricultural management are derived. The evaluation focuses on how well CCLM can
estimate the mean dates of the ORS, the CRS, and the LRS for the period 1981-2010 using two different def-
initions. Afterward, the estimated CCLM GDD and WAV are compared to the values from AgMERRA, CHIRPS,
and EWEMBI reference data.

3.2. Agroclimatological Indices

Figure 5 shows the calculated mean onset dates for CCLM and the different observation products by applying
the definitions DEF1 and DEF2 (see section 2.4) for the period 1981-2010. The mean ORS dates follow the
overall precipitation pattern (see supplementary Figure S2). They range between DOY (day of year) 50 to DOY
100 (21 February to 10 April) over the Guinea region, between DOY 100 and DOY 175 (10 April to 24 June)
over the Savanna region, and between DOY 200 and DOY 250 (19 July to 8 September) over the Sahel region.
The calculated mean ORS dates can differ significantly between DEF1 and DEF2, in particular for the Sahel
region. This is in line with previous study over Burkina-Faso (Waongo et al., 2015), using DEF1 in combination
with a process-based crop model to derive optimized planting dates. These authors derived similar dates that
in general follow the prevailing north-south gradient of rainfall, raising strong evidence of location-specific
ORS dates across West Africa. DEF1 and DEF2 correspond over the Guinea region, but the simulations produce
a delay in the mean ORS (about 27 days) compared to the different observations for both definitions. On the
other hand, CCLM is comparable to the observation products for both definitions over the Savanna region,
while earlier mean ORS dates are simulated over the Sahel region, compared to the observations (Table 4).
These differences are more pronounced in DEF1 (up to 60 days) than in DEF2 (up to 50 days). It has been shown,
for example, by Stewart (1986) and Sivakumar (1998) that for bimodal rainfall regions such as the Guinea zone,
the preferred crop type depends on the ORS. For an early start, maize can be grown, while a delayed onset
favors sorghum and millet.

The variability in the ORS across West Africa is illustrated by its standard deviation. Figure 6 shows a homoge-
neous pattern of the standard deviation of ORS for DEF2 but a more scattered pattern for DEF1. For instance,
a decreased standard deviation (around 10 days) for the region southerly of Senegal in the CCLM and the
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Figure 4. Simulated mean seasonal precipitation of COnsortium for Small-scale MOdelling in CLimate Mode (a, b) and bias to Agricultural Modern-Era
Retrospective Analysis for Research and Applications (c, d), Climate Hazards Group Infrared Precipitation with Stations (e, f), and E20BS and WFDEI applied to
ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project (g, h) in millimeters for the period 1981-2010. Left panel:
season MAM (March-May) and right panel: season JJA (June-August).

observations compared to its surrounding is found. The results also show a lower standard deviation for DEF2
for most of the domain but a considerably increased value above 14°N in the CCLM for DEF1 as well as the
observations for DEF2. The highest variability of ORS is found around 14-16°N for the simulations, probably
due to the high variability of precipitation. In addition to the spatial representation in Figure 5, Figure 7 shows
the probability density functions of the mean ORS dates over the three regions. A large dispersion between
the observationsis found for DEF1, in particular for the Guinea zone. This resultis in agreement with the annual
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Table 3
Observed AGMERRA, CHIRPS, and EWEMBI Area Mean Precipitation (mm) and Bias of the CCLM Simulation (%) Over Guinea, Savanna, and Sahel Investigation Areas for
the Period 1981-2010

MAM JIA
Guinea Savanna Sahel Guinea Savanna Sahel
Index (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%)
AgMERRA 407 -104 191 5.4 27.2 153 655 20.3 655 34 366 29.7
CHIRPS 427 —14.6 195 36 229 200 694 18.4 689 -1.8 356 334
EWEMBI 428 -14.8 201 0.2 27.8 148 686 19.7 700 -33 382 24.2

Note. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CHIRPS = Climate Hazards Group Infrared Precipitation with
Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project;
CCLM = COnsortium for Small-scale MOdelling in CLimate Mode; JJA = June-August; MAM = March-May.
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Figure 5. Mean onset date (ORS) for the period 1981-2010 according to definition DEF1 (left panel) and DEF2 (right panel), based on CCLM (a, b), AQMERRA

(¢, d), CHIRPS (e, f), and EWEMBI (g, h). For the two definitions, see Table 2. Areas without significant rainfall, in which no rainy season is simulated, are given in
gray. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium for Small-scale MOdelling in CLimate Mode;
CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for
Inter-Sectoral Impact Model Intercomparison Project; ORS = onset of the rainy season.
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Figure 6. Standard deviation of mean onset date (ORS) for the period 1981-2010 according to DEF1 (left panel) and DEF2 (right panel), based on CCLM (a, b),
AgMERRA (c, d), CHIRPS (e, f), and EWEMBI (g, h). AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium
for Small-scale MOdelling in CLimate Mode; CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to
ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project; ORS = onset of the rainy season.

rainfall amounts (Table 3). It can be seen that CCLM exhibits a late ORS date with a median around DOY 120
(for both definitions), while it is about DOY 70 in all observations for DEF2 over the Guinea region. Moreover,
CCLM shows early ORS dates around DOY 150 and DOY 170 in the observations in DEF2 over the Sahel region.
The range of the ORS distribution in the Sahel region is smaller in DEF2 (DOY 120-225) compared to DEF1
(DOY 120-275).

Figure 8 shows the mean date of the CRS for the period 1981-2010 using the two definitions (see Table 2).
The CRS usually progresses from September to mid-October. Remarkable differences are found in the CRS
dates between the different observations by applying DEF1 but a good agreement by using DEF2. For
example, AQMERRA and CHIRPS show similar patterns in DEF1 with early areal average mean CRS dates
(DOY 240-250) compared to EWEMBI, and CCLM differs from them in providing a more realistic patterns.
As expected, the Sahel region with high precipitation uncertainty shows the earliest CRS among the regions.
With exceptions of AQMERRA and CHIRPS for DEF1, the observed CRS lies around DOY 240-260 (28 August
to 27 September), followed by the Savanna region around DOY 250-280 (17 September to 7 October), and
the Guinea region around DOY 340-350 (6- 16 December) for both definitions. In comparison to DEF2, DEF1
shows a more scattered pattern for AQMERRA and CHIRPS. This is caused by the thresholds used in DEF1
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Figure 7. Probability density function of areal mean onset date (ORS) according to DEF1 (left panel) and DEF2 (right panel) for the period 1981-2010 over the
Guinea, the Savanna, and the Sahel regions. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium for
Small-scale MOdelling in CLimate Mode; CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to
ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project; ORS = onset of the rainy season.

(compared to the smooth accumulation function applied in DEF2). The apparent stripes patterns in AQMERRA
are presumably related to the merging of model results and observations from satellite and stations.

In line with the ORS, a reasonable estimate of the CRS allows the derivation of the LRS, which is illustrated
in Figure 9. The LRS is a crucial information for the selection of crop varieties and sequences (Kowal &
Knabe, 1972). Similar to the CRS, the LRS increases from the Sahel region (DOY 50-100) to the Guinea region
(DOY 300-340). This can be explained by the migration of the Intertropical Convergence Zone, which is
controlling the monsoonal flux of humid maritime air masses onto the continent. The LRS is generally shorter
over the coastal regions in AQMERRA and CHIRPS, respectively, due to their earlier CRS dates (Figure 8). In the
Sahel region, the LRS is slightly shorter in CCLM for DEF2 (DOY 274) than for DEF1 (DOY 325). For DEF1, the LRS
differences between CCLM and the observations is larger than for DEF2. The maximum average difference is
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Figure 8. Mean cessation date (CRS) for the period 1981-2010 according to definition DEF1 (left panel) and DEF2 (right panel), based on CCLM (a, b), AQMERRA
(¢, d), CHIRPS (e, f), and EWEMBI (g, h). For the two definitions, see Table 2. Areas without significant rainfall, in which no rainy season is simulated, are given in
gray. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium for Small-scale MOdelling in CLimate Mode;
CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for
Inter-Sectoral Impact Model Intercomparison Project; CRS = cessation of the rainy season.

20 days in DEF1, while it is 15 days in DEF2 (not shown). Differences in the estimation of the LRS are related
to deficiencies in the estimation of the CRS. This is in agreement with previous studies (Mugalavai et al., 2008;
Oladipo & Kyari, 1993; Sivakumar, 1988).

Climatological variables such as temperature and precipitation are essential information for agricultural pro-
duction. For instance, the accumulated temperature, which can be expressed as GDD is known to be crucial
for crop development. It is therefore used to model the timing when crops reach particular growing stages.
Figure 10 presents the GDD over West Africa for the period 1981-2010, calculated for each grid cell using
the daily minimum and maximum temperature from the CCLM simulations and observations from AgMERRA
and EWEMBI. For maize, sorghum, and pearl millet, a base temperature (T,,..) of 10, 25, and 23°Cis assumed,
respectively.

The observations show variations between 1657 and 2185°C for maize, 214 to 781°C for sorghum, and 305
to 770°C for pearl millet over the region. Differences between the three crops are due to differences in their
Tpase aNd MVP only. For maize, there are relatively small differences (maximum up to 17%) between the spatial
patterns of CCLM and the observations. In the case of sorghum, there are substantial differences and the
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Figure 9. Mean length of the rainy season (LRS) for the period 1981-2010 according to definition DEF1 (left panel) and DEF2 (right panel), based on CCLM (a, b),
AgMERRA (c, d), CHIRPS (e, f), and EWEMBI (g, h). For the two definitions, see Table 2. Areas without significant rainfall, in which no rainy season is simulated, are
given in gray. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium for Small-scale MOdelling in
CLimate Mode; CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and
Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project; LRS = length of the rainy season.

range of GDD variability is higher (respectively, slightly less than 235°C over the Guinea region, 238°C over the
Savanna region, and 328°C over the Sahel region). In particular for pearl millet, the CCLM generally produces
lower values of GDD with differences up to 65% for AQMERRA and up to 69% for EWEMBI over the Sahel region.

In order to achieve a sustainable crop field based on an efficient water resource management, reliable esti-
mations of WAV are needed. The WAV (Figure 11) for the three crops follows the general north-south gradient
of precipitations patterns (see supporting information Figure S2 and Table 3). Nearly all observations show
similar WAV patterns across the region with maximum WAV values reaching more than 350 mm for maize and
sorghum, and between 180 to 270 mm for pearl millet. In general, there is a good agreement between CCLM
and the three observations with some regions of disagreement. The greatest wetting in CCLM compared to
AgMERRA and CHIRPS is in the Sahel region (especially northern Senegal and Mali) and the Guinean Highlands
(from central Guinea Bissau through northern Sierra Leone and Liberia to western Ivory Coast) with differ-
ences between 185 and 450 mm. CCLM shows the best agreement with EWEMBI. Here the differences are
reaching values of about 58 mm for maize, 70 mm for sorghum, and 60 mm for pearl millet. For the Guinea
region, the difference between the simulation and the observations do not exceed 150 mm (30%) for pearl
millet, 120 mm (16%) for sorghum, and 100 mm (16%) for maize.
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Figure 10. Mean accumulated growing degree days (°C) according to DEF1 for the period 1981-2010, based on CCLM (a, b, g), AQMERRA (c, d, h), and EWEMBI
(e, f, i) during the minimum vegetation period for maize, sorghum, and pearl millet. AJMERRA = Agricultural Modern-Era Retrospective Analysis for Research and
Applications; CCLM = COnsortium for Small-scale MOdelling in CLimate Mode; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and

Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project.
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Figure 11. Mean water availability (mm) for the period 1981-2010 according to DEF1, based on CCLM (a, b, i), AQMERRA (c, d, j), CHIRPS (e, f, k), and EWEMBI
(g, h, I) during the minimum vegetation period for maize, sorghum, and pearl millet. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research
and Applications; CCLM = COnsortium for Small-scale MOdelling in CLimate Mode; CHIRPS = Climate Hazards Group Infrared Precipitation with Stations;
EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project.
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Figure 12. Areal mean ORS, CRS, and LRS differences (future minus past dates) according to DEF1 (left panel) and DEF2 (right panel) over the Guinea, the
Savanna, and the Sahel regions. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CCLM = COnsortium for Small-scale
MOdelling in CLimate Mode; CHIRPS = Climate Hazards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data

Merged and Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project.

Despite the differences in the spatial patterns between the three observations and CCLM, it is noted that
model and observations exhibit a similar trend for maize, sorghum, and pearl millet between 1981 and
2010 (Figures 10 and 11). The poor representation of GDD and the WAV in CCLM over the Sahel region is
probably due to the underestimation of temperature and the overestimation of precipitation in this region.
The ability of CCLM in reproducing the observed patterns of the selected indicators provides additional infor-
mation and justification regarding their future projections. A comparison between the expected future and

the present provides an avenue to estimate how the critical indices for agricultural production might develop

for the future.
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Figure 13. Projected future changes in mean GDD (left panel) and WAV (right panel) for 2021-2050 and 2071-2100
relative to 1981-2010 according to definition DEF1. (a, d) for the Guinea, (b, e) for the Savanna, and (c, f) for the Sahel
regions. The bold black horizontal lines mark the median, the thin horizontal lines span the interquartile range (25% to
75% percentiles) and the vertical dashed lines represent extremes. Numbers above each box express the projected
changes for each crop (M = Maize, S = Sorghum, and P = Pear| millet) in the two future periods. GDD = growing degree
days; WAV = water availability.
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Table 4
Mean Onset Days/Date for the Period 1981-2010 According to DEF1 and DEF2, Based on CCLM, AGMERRA, CHIRPS, and
EWEMBI Over the Guinea, the Savanna, and the Sahel Regions

Index DEF1 DEF2
Days Date Days Date

Guinea
CCLM 110+ 16 20 April 121+5 30 April
AgMERRA 106 + 18 16 April 83+7 23 March
CHIRPS 86+ 16 27 March 82+5 22 March
EWEMBI 76 + 21 13 March 81+3 21 March
Savanna
CcCLM 138 £ 15 18 May 136 +6 15 May
AgMERRA 154 +17 3 June 126 +6 5 May
CHIRPS 139+ 15 19 May 127 +5 6 May
EWEMBI 127 £17 8 May 125+ 4 4 May
Sahel
CCLM 189+ 19 8 July 152 +13 31 May
AgMERRA 207 +14 26 July 162+ 10 10 June
CHIRPS 201+ 14 20 July 171 +30 19 June
EWEMBI 200+ 16 19 July 162 + 11 10 June

Note. AQMERRA = Agricultural Modern-Era Retrospective Analysis for Research and Applications; CHIRPS = Climate Haz-
ards Group Infrared Precipitation with Stations; EWEMBI = E20BS and WFDEI applied to ERA-Interim data Merged and
Bias-corrected for Inter-Sectoral Impact Model Intercomparison Project; CCLM = COnsortium for Small-scale MOdelling
in CLimate Mode.

3.3. Expected Impact of Climate Change

To estimate the change in ORS, CRS, and LRS variability due to increasing greenhouse gases as assumed in
RCP4.5 scenario, results of CCLM climate projections were analyzed. Figure 12 illustrates the expected areal
mean differences between the future (2021-2050 and 2071-2100) and historical climate dates for the ORS,
the CRS, and the LRS for the different regions. The spatial patterns for the two definitions (DEF1 and DEF2) are
similar (not shown). Across West Africa, a delay of 1 to 6 days in DEF2 is expected, in contrast to DEF1 with a
delay of 1 to 29 days for the period 2021-2050 (not shown). There is an earlier start of the ORS by up to 4 days
in DEF1 and by up to 6 days in DEF2 in the period 2071-2100. However, the results differ by regions: There
are no significant changes over the Guinea region with an advanced mean ORS of up to 2 days during the
2021-2050 (maximum of 20 days, not shown) and a mean ORS delay by up to 7 days for the period 2071-2100
(maximum up to 27 days, not shown). The highest mean changes in the ORS dates are predicted over the
Sahel region, especially for the period 2071-2100 with a delay of up to 7 days. Past modeling studies over
the semiarid region of West Africa (Biasutti & Sobel, 2009; Jung & Kunstmann, 2007) suggested a delay of the
ORS of about 1 month for the period 2030-2039 (compared to the period 1991-2000). For the same period,
however, the CRS as well as the total rainfall amount is expected to remain more or less unchanged.

For the CRS, the results indicate a delay of about 2 and 8 days, and for the LRS a delay of about 7 and 15 days for
the period 2021-2050 and 2071-2100 over the Savanna and the Sahel regions, respectively. For the Guinea
region, almost no more change is found for these periods, suggesting normal conditions compared to the
period 1981-2010.

In summary, for the periods 2021-2050 and 2071-2100, CCLM predicts no changes to the ORS for the Guinea
region and only small changes for the Savanna and the Sahel regions compared to 1981-2010. For all regions,
the CRS is predicted to occur mostly earlier by up to 15 days. The simulated future change (not shown) also
indicates a decrease of up to 20% in the mean daily precipitation for both periods. With almost no change in
the ORS, the earlier occurrence of the CRS translates into a shorter LRS by up to 15 days in the Sahel region.

There is large consensus that in West Africa, one of the major climate change impacts will be on rainfall. This
changing climate will affect the ORS, the CRS, and the LRS of growing seasons, particularly in semiarid areas
where yields from rainfed agriculture could be reduced by up to 20-50% by 2050 (Sarr, 2012). Accordingly,
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Table 5
Changes of Statistics of GDD and WAV for the Three Different Crops Across the Study Region for 2021-2050 and 2071-2100 Relative to the Present Period 1981-2010 (%)
Guinea Savanna Sahel
Variables Description 2021-2050 2071-2100 2021-2050 2071-2100 2021-2050 2071-2100
Maize GDD Average 6 4 8 5 12 5
Minimum 7 8 -9 -10 4 4
Maximum 8 5 9 2 14 10
Sorghum GDD Average 6 4 7 5 11 8
Minimum 7 7 7 6 10 5
Maximum 7 4 9 3 13 9
Pearl millet GDD Average 6 4 8 6 13 4
Minimum 6 8 14 5 12 4
Maximum 9 7 2 2 14 10
Maize WAV Average 16 -2 12 —6 —6 -27
Minimum 67 -30 116 —19 7 -77
Maximum 4 —-12 20 11 —-04 -18
Sorghum WAV Average 16 2 12 -5 —6 -27
Minimum 53.8 -31 123 -23 7 77
Maximum 8.3 -8 22 10 9 -18
Pearl millet WAV Average 12 -10 4 -1 -10 -23
Minimum -10 —48 63 -25 -4 =77
Maximum -1.4 -13 28 17 -2 -18

Note. Values larger than +50% are bolded. GDD = growing degree days; WAV = water availability.

the climate change signal of the GDD and the WAV is represented by the box-and-whisker plots and is shown
as differences 2021-2050 minus 1981-2010, and 2071-2100 minus 1981-2010 in Figure 13. Averaged over
entire whole West Africa, the increase in GDD Figures 13a-13c is mostly associated with the increase in the
mean temperature (not shown). The future mean GDD increases by 167 to 230°C for 2021-2050 and between
96 and 150°C for 2071-2100 compared to the historical period (1981-2010). Mean projected changes are
characterized by an increase in GDD by up to 11%, 10%, and 12% for maize, sorghum, and pearl millet in
2021-2050 but to a lesser extent in 2071-2100 between 4% and 6% for maize, sorghum, and pearl millet,
respectively. The largest differences are projected for the period 2021-2050 in the Savanna and in the Sahel
regions for the period 2071-2100. The regional mean difference over the Guinea region ranges up to 109,
138, and 84°Ciin 2021-2050 and up to 135, 160, and 109°C in 2071-2070 for maize, sorghum, and pearl mil-
let, respectively. In summary, the Sahel region is expected to see a higher GDD up to 287, 321, and 249°C for
the future, that is, an increase by approximately 12% compared to the historical period. Previous studies by
Salack et al. (2015); Ruiz Castillo and Gaitan Ospina (2016) found that under climate change, higher tempera-
tures will result in a more rapid accumulation of GDD and therefore a reduction of certain crop development
phases and the growth cycle. As such, the increased temperatures and CO, concentrations will have negative
impacts on crop yields for food-insecure regions such as West Africa. Lobell et al. (2008) estimate that climate
change has a >95% chance to harm crop production in absence of adaptation with a decrease by up to 10%in
crop yields.

The WAV distributions (Figures 13d - 13f) reveal major differences between the two time slices and only minor
differences between the crops types. In general, for West Africa, the spatial distribution of the mean differ-
ence between the simulated near-future 2021-2050 and the historical period 1981-2010 indicate moderate
increase (up to 32 mm [5.3%)], 37 mm [5.1%], and 11 mm [0.2%] for maize, sorghum, and pearl millet, respec-
tively; not shown). Meanwhile, for the distant future 2071-2100, the WAV decreases for all crops by 62 mm
(—10%) for maize, 75 mm (—10.5%) for sorghum, and 58 mm (—11.8%) for pearl millet on average (not shown).
With respect to the different regions, the WAV is expected to increase less in the Guinea region than in the
Savanna region and is expected to decrease in the Sahel region for both periods. A closer look on the regional
differences for the present and the period 2021-2050 shows increases by 24% and 7% in the Guinea and the
Savanna regions and a decrease by —17% in the Sahel region. In contrast to the period 2021-2050, the WAV
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decreases for all crops for the period 2071-2100 by —31% and —5% in the Sahel and the Savanna regions and
increases by 5% in the Guinea region. Previous crop yield simulations in West Africa showed the effect of rain-
fall and temperature changes on mean crop yield of sorghum and millet (Sultan et al., 2013). They found that
mean crop yields decreased mainly as to a response an increase in temperature. When warming exceeded 2°C,
mean crop yields were always found to decrease significantly. Rainfall changes were only able to modulate
the magnitude of this negative impact.

The mean percentage changes in the average, minimum, and maximum GDD and WAV for 2021-2050 and
2071-2100 with respect to the historical period 1981-2010 are estimated according to the definition in
Table 5 for the different regions. Under the investigated RCP4.5 climate change scenario, this leads to an aver-
age increase of 13% in the GDD. In contrast, the WAV shows an increase by around 16% for 2021-2050 and an
decreased of up to —27% in 2071-2100, respectively. Minimum and maximum values increase more substan-
tially for the period 2021 -2050 than for the period 2071-2100 for all regions. For the GDD, the largest increase
occurs over the Sahel region and changes in the maximum are a slightly more pronounced than changes in
means for all crops. Changes in GDD are mainly due to the shift of the whole distribution to warmer values,
and our results seem to confirm those from (Heinzeller et al., 2018), which suggest an increase of 1.5°C at the
Coast of Guinea and of up to 3°C in the Sahel region under RCP4.5. For the maximum change in WAV, the
largest increase is found over the Savanna region of up to 28% and changes in minimum exceed changes in
means considerably, especially for sorghum. In addition, changes in WAV are also associated with changes in
differentimportant rainfall-related factors for agriculture implications such as the ORS and an early CRS, espe-
cially for millet, sorghum, and maize (Salack et al., 2011; Sivakumar, 1992; Sultan et al., 2005). For example,
Lobell etal.(2011) estimated that climate change from 1980 to 2008 has already reduced global production of
maize by 3.8% and wheat by 5.5%, relative to a counterfactual without climate change. At the same time, Knox
etal. (2012) reported a projected mean change in yield of —5% (maize), —5% (sorghum), and —10% (millet) by
2050 across Africa. However, despite the increase in the GDD and decrease in WAV indices, maize, sorghum,
and pearl millet might be successfully grown with careful consideration. Sultan et al. (2013) conclude that
the probability of a yield reduction appears to be greater in the Sudanian region (southern Senegal, Mali,
Burkina Faso, northern Togo, and Benin), because of an exacerbated sensitivity to temperature changes com-
pared to the Sahelian region (Niger, Mali, northern parts of Senegal, and Burkina Faso), where crop yields are
more sensitive to rainfall change.

4, Summary and Conclusions

Our study focuses on the effects of current and expected future climate conditions on precipitation- and
temperature-related agroclimatic indices over West Africa. The high-resolution CCLM RCM is validated in
terms of representing crucial agroclimatic indices based on precipitation and temperature across West Africa
against different observation data. The new data set provides a potentially valuable source for (local) climate
impact studies. As such, spatially explicit climate data may help farmers to meet strategic cropping decisions
such as changes of crops (and varieties) and adaptations of cropping calendars. Aggregated results as often
provided for the agroclimatic zones are limited value for local climate impact studies only.

Under current (1981-2010) and two future climate conditions (2021-2050 and 2071-2100), the ORS, CRS,
and LRS as well as the GDD and WAV are derived based on the plant physiological requirements of maize,
sorghum, and pearl millet.

For the baseline period, the results demonstrate that the mean regional ORS and CRS dates (resulting in
the LRS) largely depend on the selected approach (DEF1 and DEF2) and the underlying observation data.
Independent of the applied approach, biases are highest for the Guinean region, followed by the Sahel and
the Savanna regions. Overall, CCLM produces negative biases of GDD for sorghum over the Sahel region
(ranging from 64% to 69%) compared to the observations, while the WAV agree well with the observations
over all regions.

For the future time slice 2021-2050 (2071-2100), the ORS and CRS dates are expected to occur later (earlier)
by about 1 week than in the present climate. Both future periods also suggest an increase in GDD and WAV,
except for the Sahel region, where WAV is expected to decreased up to 10% in 2021-2050 and by up to 24%in
2071-2100 due to the increased temperatures. It is likely that such projected increases in mean temperature
will accelerate the crop development, resulting in shorter crop durations and reduced time to accumulate
biomass and reduced yield at the end.
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The conclusions drawn in this study are based on one future scenario and one regional-global climate model
only. Multimodel multiscenario ensembles are suspected to be more robust and possibly less affected by
uncertainties, compared to the results of our study. However, due to the lack of current means for quan-
tifying the errors in long-term climate projections the additional computational costs for such multimodel
multiscenario ensembles are still questionable. Recently, an ensemble of multimodel intercomparison project
consisting of a large quantity of different GCMs and RCMs has been analyzed to assess and quantity uncer-
tainties from different sources, that is, the driving GCM, the future scenario, as well as the internal variability
and spatial resolution of the RCM. Despite of a lacking full factorial design of the different uncertainty sources
and their relative contribution to the total uncertainty range, they concluded the GCM to be main contributor
of the uncertainty range. The emission scenario, at least for the near future, did not lead to strong uncer-
tainties (Fernandez et al., 2018). Moreover, it is critically noted that despite of the high horizontal resolution
used in our study, noticeable biases still persist, which could affect our results, particularly in parts of the
Guinea and the Sahel regions. More detailed discussions about model deficiencies leading to the poor model
representations of large-scale mechanisms are given in Dieng et al. (2017). In order to retain the physical
consistency between precipitation and temperature given by the RCM simulations, we decided to abstain
from any postprocessing bias correction. Existing state-of-the-art bias correction routines, applied for pre-
cipitation and temperature separately might introduce additional biases, possibly exceeding those coming
from the RCM itself. Multivariate bias correction methods may help to overcome these limitations and will be
subject of future investigations. To derive suitable climate change adaptation strategies, these biases must
be considered, even when the relative changes of the climate projections (compared to the baseline simu-
lations) are assumed to be important information for long-term agricultural planning. Differences between
high-resolution model results and the different observation data sets are also due to data scarcity and, related
to that, interpolation issues, which underpin the need for an improved station network in this region.

This study is assumed to improve the number of assessment risks of climate change with respect to maize,
sorghum, and pearl millet and other agricultural systems across different agroclimatic zones in West Africa.
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