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Abstract

Current-climate precipitation and temperature extremes have been identified by decision
makers in West Africa as among the more impactful weather events causing lasting
socioeconomic damage. In this article, we use a plausible future-climate scenario
(RCP8.5) for the end of the twenty-first century to explore the relative commonness of
such extremes under global warming. The analysis presented considers what a typical day
in the future climate will feel like relative to current extrema. Across much of West
Africa, we see that the typical future-climate day has maximum and minimum temper-
atures greater than 99.5% of currently experienced values. This finding exists for most
months but is particularly pronounced during the Boreal spring and summer. The typical
future precipitation event has a daily rainfall rate greater than 95% of current storms.
These findings exist in both a future scenario model run with and without parameterised
convection, and for many of the Coupled Model Inter-comparison Project version 5
ensemble members. Additionally, agronomic monsoon onset is projected to occur later
and have greater inter-annual variability in the future. Our findings suggest far more
extreme conditions in future climate over West Africa. The projected changes in temper-
ature and precipitation could have serious socioeconomic implications, stressing the need
for effective mitigation given the potential lack of adaptation pathways available to
decision makers.
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1 Introduction

The Inter-governmental Panel for Climate Change (IPCC) 5th assessment report (ARS)
highlights the risks associated with a business-as-usual approach towards climate change.
This approach is projected to lead to a 3—6 °C warming across the globe by the end of the
twenty-first century. Such a rise is predicted, with high confidence, to lead to increased food
insecurity and heightened health risks over West Africa. The risks of climate change are often
felt disproportionately strongly by the most vulnerable communities, who also have less
available pathways for adaptation to, and mitigation of, climate change (IPCC ARS5). Many
weather related socioeconomic risks are associated with extremes of temperature or precipi-
tation (Visman et al. 2017; Barry et al. 2018), although other metrics such as wind gusts and
humidity can also pose challenges.

There is a continued need for improved climate change projections and interpretation of
their potential socioeconomic impacts. Further, the nature of how climate change information
is presented is of interest as public engagement is vital to addressing future issues associated
with climate change. The recent development of the convection-permitting resolution Future
Climate for Africa (FCFA) Improving Model Processes for African Climate (IMPALA)
simulations for the entire African continent allows for in-depth investigation of the added
value of simulations without convection-parameterisation schemes over the region and poten-
tially more feasible projections of climate change over the continent.

In this paper, we evaluate the relative intensity of the future climate over West Africa, with
regard to select decision-maker-relevant metrics, and contextualise these changes with respect
to socioeconomic challenges. In order to reach this goal, we employ a novel approach to assess
the relative intensity of rainfall and temperature values for a typical future-climate day relative
to present conditions in FCFA simulations produced with and without an active convection
parameterisation scheme. The metrics chosen have previously been co-constructed with
decision makers in West Africa through the African Monsoon Multidisciplinary Analysis for
2050 project (Visman et al. 2017). Using current literature as a guide, the potential impacts of
our results on agricultural and livestock practices as well as their impacts on human health are
subsequently considered at length.

Section 2 provides the background motivation for our work. Section 3 describes data used
henceforth, whilst Sect. 4 presents the methods employed. Section 5 provides projected
changes in selected temperature and rainfall-related metrics. A discussion of potential socio-
economic impacts of our results is given in Sect. 6 with conclusions presented in Sect. 7.

2 Background

2.1 Current and projected future trends of rainfall and temperature changes
over West Africa

Countries across West Africa are particularly vulnerable to global warming and its subsequent
effects, both due to their exposure to extreme weather events and relatively low adaptive
capacity compared with other regions of the globe (Dai et al. 2004; IPCC ARS; Niang et al.
2014). These nations have frequently contended with high-impact weather (HIW) events, such
as: flooding events (Tarhule 2005; Di Baldassarre et al. 2010; Nka et al. 2015; Casse et al.
2016; Tazen et al. 2018), prolonged dry spells (Giraldo Osorio and Garcia Galiano 2012;
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Rodriguez-Fonseca et al. 2015), and heatwaves (New et al. 2006; Fontaine et al. 2013; Ly et al.
2013; Moron et al. 2016; Ceccherini et al. 2017). A recent trend towards warmer night-time
temperatures and hotter days is also found by Barry et al. (2018).

Although the magnitude of climate change over West Africa differs between projections,
not least because future emissions are uncertain, there is a broad consensus towards more
extreme weather conditions over the region in the future. Under the Inter-governmental Panel
on Climate Change regional climate pathway 8.5 (RCP8.5), near-surface temperatures in many
regions of the world could exceed any currently experienced values within the next 30 years
(Mora et al. 2013), with absolute increases in annual minimum temperatures projected to
exceed those of maximum temperatures (Vizy and Cook 2012; Bamba et al. 2017). Global and
regionally downscaled climate models project near-surface temperatures to increase by around
3-6 °C by the end of the twenty-first century (Patricola and Cook 2010; Fontaine et al. 2011;
Mariotti et al. 2011; Diallo et al. 2012; Vizy et al. 2013; Riede et al. 2016). Further, extreme
hot days (> 90th percentile of present climate) are expected to be more frequent (Russo et al.
2014; Dosio 2017; Weber et al. 2018; Nangombe et al. 2019; Yapo et al. 2019).

Precipitation projections often exhibit a west-east dipole in relative precipitation changes,
with more rain than present projected over the Eastern Sahel and less rainfall projected over the
Western Sahel (Biasutti 2013; James et al. 2014; Diallo et al. 2016; Nikulin et al. 2018).
However, some projections show a more zonally homogeneous increase (Vizy et al. 2013).
Fewer rainfall events and a reduction in consecutive wet days are projected for much of West
Africa (Klutse et al. 2018). Despite the reduction in events, an increase in 5-day precipitation
maximum is simulated near the Guinea Coast and Nigeria by the end of the twenty-first
century (Diallo et al. 2016; Nikulin et al. 2018). Projections therefore point towards a climate
with less frequent, more intermittent, but more intense rainfall events over much of West
Africa, which is also seen in convection-permitting simulations (Fitzpatrick et al. 2020).
Further, there is a potential change in the seasonality of the Sahelian rainy season, with a later
onset and the potential for a mid-season break period by the end of the twenty-first century
(Riede et al. 2016; Dunning et al. 2018).

2.2 Modelled representation of convection over West Africa

Model simulations with horizontal grid spacing greater than approximately 10 km require
parameterisation schemes in order to resolve convection (Pennelly et al. 2014); these systems
act to determine the collective effect of multiple clouds within a grid box rather than resolving
the effect of singular clouds on the vertical profile (Arakawa and Schubert 1974).

Due to computational expense, the majority of future-climate projections available for West
Africa are produced at grid spacing requiring convection parameterisation schemes. Simulations
with convection parameterisation schemes can struggle to model Sahelian storms and their
intensities accurately (Marsham et al. 2013; Crook et al. 2019). Convection-permitting models
have been shown to realistically simulate present-day monsoon flow (Marsham et al. 2013;
Stratton et al. 2018), convergence (Birch et al. 2014a, 2014b), the diurnal cycle of rainfall (Vizy
and Cook 2018a, 2018b), and the characteristics of intense precipitation events (Berthou et al.
2019). Convection parameterisation schemes can also have temperature biases over the region due
to their poor representation of cold pools, or overabundance of cloud (Garcia-Carreras et al. 2013;
Berthou et al. 2019), and can affect crop yield simulations (Garcia-Carreras et al. 2015).

The Met Office Unified Model Convection Permitting for Africa (CP4-A) simulations,
produced as part of the FCFA IMPALA project provide 10 years of present and future-
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climate simulations for the entire African continent at convection-permitting spatial resolution
(Stratton et al. 2018; Kendon et al. 2019). The accessibility of this new simulation provides the
opportunity to consider projected changes in weather conditions between the current and future
climate within models which can better represent temperature and rainfall over West Africa.

2.3 Presentation of climate information

Alongside technological improvements, such as the availability of convection-permitting
simulations for West Africa, there is a need to consider methodological decision which can
improve the value of climate information for decision makers (Murphy 1993). Fitzpatrick et al.
(2016) consider climate information value to involve not only the quality of findings but also
their relevance, necessity for decision makers, and their availability. Co-production projects
can help improve the relevance of climate information for stakeholders by directly involving a
wide swath of individuals and their concerns in the identification and selection of climate
change metrics considered (Visman et al. 2017; Barry et al. 2018). This approach is of use for
improving the value of subsequent climate studies.

Recent studies have contextualised future conditions in major urban regions across the globe
relative to present-day conditions elsewhere on the planet (Fitzpatrick and Dunn 2019; Bastin
et al. 2019). However, in a meta-study of climate engagement articles, Nicolosi and Corbett
(2018) highlight that stakeholder engagement with climate change information is significantly
increased when place influence engagement is considered (i.e. changes at their locale exclu-
sively are considered). In this article, we expand on the current literature by considering the
findings of Mora et al. (2013) and Nicolosi and Corbett (2018), by describing what a future-
climate “typical” day may feel like relative to present-day variability at set locations.

Contextualising future-climate metrics in terms of current-day values allows for decision
makers to relate projected values to personal experiences. The approach embraces a “seamless”
approach to weather and climate prediction, acknowledging that the effects of climate change
many years hence will be experienced by people on timescales of days, and therefore should be
interpreted on such timescales. Our method was further inspired by a poster presented at the
American Meteorological Society 99th Annual Meeting by Jacob C. Muller from the University
of Oklahoma (https://ams.confex.com/ams/98 Annual/webprogram/Paper338333.html) where a
similar idea was used to contextualise present-day temperatures relative to historical values on a
daily timescale. The author does not know of any peer-reviewed publication detailing the
methodology of Muller et al. but wish to acknowledge them.

3 Data

The limited area FCFA simulations produced by the Met Office are used in this study. These
simulations span the entire African continent and are available for both a representative present-
day climate (1997-2006) and for a feasible end-of-century projection following the RCP8.5
(Stratton et al. 2018; Kendon et al. 2019). Model output has been produced at ~ 25 km horizontal
resolution with an active convection parameterisation scheme (henceforth referred to as the
parameterised simulations of P25), and at ~4.4 km grid spacing with no active convection
parameterisation scheme (termed CP4-A, or the convection-permitting simulations).

CP4-A and P25 are regional models with longitudinal boundaries at 24° W and 56° E and
latitudinal boundaries at 45° S and 39° N. The models are forced using lateral boundary
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conditions from an atmosphere-only version the UK Met Office Global Climate Model (GCM)
with 25 km horizontal grid spacing. CP4-A uses an applied moisture conservation scheme
(Aranami et al. 2015) and a three-dimensional blended boundary layer scheme (Boutle et al.
2014). The large-scale cloud scheme is described in Smith (1990) and has been used in other
convection-permitting versions of the Met Office Unified Model. Ice water content is deter-
mined by the microphysics scheme, with cloud fractions then diagnosed as in Abel et al.
(2017). Other parameterisation schemes are documented in Table 2 of Stratton et al. (2018).

In each climate, the same sea-surface temperatures (SSTs) are given to the driving GCM,
P25, and CP4-A. Present-day simulations use prescribed daily sea surface temperatures from
the Reynolds observational dataset (Reynolds et al. 2007). For the future-climate simulations,
SSTs are given by quantifying the climatological change in SST values simulated between
1975 and 2005 and 2085 and 2115 from a GCM run using the Coupled Model RCP8.5. This
climatological SST change was calculated monthly, interpolated both spatially and temporally,
and added to the current-climate values taken from Reynolds et al. (2007) to produce future
SSTs. Finally, greenhouse gas increases are taken from the RCP8.5 scenario for 2100. Future
changes in precipitation rates across West Africa between the two simulations are attributable
solely to rising temperatures and increases in greenhouse gases.

Producing continental-scale, convection-permitting climate data over two 10-year time spans
incurs an extensive computational expense. As such, there has been a need to compromise during
the production of the CP4-A dataset, and there exists only one model representation for the current
and future climates respectively. We stress that the CP4-A and P25 results presented in this paper
provide communicative results based on a single, plausible future climate.

For comparison, Section 5.1 frames maximum temperature changes seen in CP4-A
and P25 in the context of an end-of-century bias-corrected version of the Coupled
Model Inter-comparison Project version 5 (CMIPS) following RCP8.5 produced by
Famien et al. (2018). This dataset was produced for the domain 20° W-55° E, 40° S—
40° N and for the time period 1950-2099. Data are normalised to a regular 0.5 x 0.5°
grid. Temperature, wind, and radiation data are bias corrected using the cumulative
distribution function transform method documented in Michelangeli et al. (2009),
whereas precipitation rates are bias corrected using a singularity stochastic removal
approach (Vrac et al. 2016) which considers the temporal intermittency of rainfall
events. All variables are bias corrected against the WFDEI meteorological forcing
dataset (Weedon et al. 2014) and calibrated for the initial period 1979-2013. The bias
corrected dataset more closely matches reanalysis data compared with the raw CMIPS
output, including reducing the cold bias over the Sahel present in many CMIP5
models. The 29 bias-corrected simulations available are listed in Table 1 of Famien
et al. (2018). The analysis presented in Section 5.1 has been produced for all months,
with similar conclusions drawn. Due to the relatively coarse grid spacing in the
CMIP5 ensemble members analysed, we have not done similar analysis for the
relative intensification of precipitation events.

4 Methods
Through discussions with African decision makers (including representatives of farmers, vets,
city planners, and members of the media), alongside agricultural and hydrological researchers,

a glossary of key stakeholder-relevant HIW metrics has been produced (Visman et al. 2017).
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Table 1 List of high impact weather (HIW) metrics agreed with West African stakeholder used within this paper

Metric name Timeframe Definition
assessed over

Maximum near-surface Daily The maximum 1-h daily 1.5 m temperature observed at each
temperature grid cell on any given day.

Minimum near-surface Daily The minimum 1-h daily 1.5 m temperature observed at each
temperature grid cell on any given day.

Daily rainfall intensity Daily The daily precipitation rate at a location for days when the

maximum precipitation rate exceeds 1 mm/h. At least 10
such rain events must occur at a given location each year
for this value to be recorded.

Local onset date Seasonal Taken from Marteau et al. (2009). Local onset at a given
location is calculated as the first rainy day (precipitation
> 1 mm) of 2 consecutive rainy days (total precipitation
>20 mm) with no 7-day period of total precipitation
<5 mm in the subsequent 20 days.

False onset rate Seasonal Taken as the number of times a rain event (of at least 20 mm)
occurs prior to local onset date.

The HIW glossary has previously been used to create climate atlases for different sub-domains
of the African continent which are publically available (https://www.amma2050.
org/content/climate-atlas; Bamba et al. 2017).

Here, we use a selected subset of these metrics relating to changes in temperature and
precipitation extremes (Table 1). We stress that the set of metrics evaluated here are not
intended to represent a comprehensive list of all decision-relevant climate metrics identified by
stakeholders associated with AMMA-2050 nor those investigated in other works (e.g. Mora
et al. 2017; Sylla et al. 2018). Rather, this work aims to present a novel method of visualising
climate change using a specific set of high-impact-weather indicators.

For each HIW metrics, we compute the median value simulated by P25 and CP4-A for each
location across the current and future climate; this measurement represents our “typical” day/
event in each climate for the respective metric. We then compare difference in the median
metrics to provide insight into the absolute change in temperature and precipitation metrics
across climates. We further calculate where the median future-climate value for each metric
sits on the modelled range of current climate. This measurement gives a relative intensity of
future typical conditions relative to the historical perspective. For example, if the median
future-climate maximum temperature value at a given location lies beyond the 90th percentile
of current-climate values, we state that a typical future-climate day is hotter than 90% of
simulated current-climate days.

Weather metrics are either assessed daily (e.g. maximum daily temperature), or seasonally
(e.g. local onset date) depending on the most relevant time frame. For daily temperature
metrics, we assess future changes on a month-by-month basis to remove seasonal variability.
Two specific months are highlighted hereafter, namely May and August. August represents the
peak monsoon month across the Sahel (10—18° N: Sultan and Janicot 2000, 2003; Thorncroft
etal. 2011; Lafore et al. 2011), whilst May marks the beginning of the agronomic onset period,
for the same region (Marteau et al. 2009, 2011; Fitzpatrick et al. 2015), and is a period of near-
peak temperatures in the Sahel. Precipitation metrics are computed annually due to the
identified reduction in rain events within CP4-A and P25 under global warming (Kendon
et al. 2019; Fitzpatrick et al. 2020).
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The local monsoon onset definition used in this article, from Marteau et al. (2009),
has previously been preferred over other local definitions due to its direct relevance
for agronomic decision makers. As local monsoon onset and withdrawal occur once a
year, these values are calculated annually, similar to Marteau et al. (2009), Fitzpatrick
et al. (2015), and Riede et al. (2016). False onsets are calculated when an initial
precipitation event is not succeeded by persistent rainfall as defined in Marteau et al.
(2009) and Fitzpatrick et al. (2015).

For temperature and precipitation metrics, model output is compared over the region 20°
W=20° E, 0-30° N (Fig. 1). For agronomic onset metrics, model output is evaluated across the
Sahel (15° W—15° E, 10-18° N). Figure 1 additionally highlights approximate geographical
bounds of the Guinea Coast and the Sahara, which we refer to occasionally in Sect. 5.

5 Results
5.1 Changes in daily temperature values

Figure 2 shows the change in maximum near-surface temperature during May in the current
and future climates for both CP4-A and P25. Current-climate median daily maximum tem-
peratures simulated during May within P25 are 1-2 °C greater than those seen in CP4-A over
southern Mauritania, Mali and south-western Niger (Fig. 2a, b). Overall, there is good
agreement in the spatial distribution and magnitude of values between the two models, with
the above-stated exception. Towards the Guinea Coast and farther east near Chad, the models
show closer agreement in the median daily maximum temperatures during this month. Values
over the Guinea Coast range from 26 to 35 °C in both models, with zonal minima found over
Guinea and Cameroon. Over the Sahel, temperatures range from about 38—44 °C; these typical
daily maximum temperatures align with the expectation of a meridional temperature gradient

30°N

Tl
25°N WS Sahara
Algeria
20°N -

15°N ‘

10°N

5°N

’

. L]
20°W 10°W 0° 10°E 20°E
Fig. 1 Study region for comparison of decision maker-relevant metrics across climates. Blue box denotes the
Guinea Coast region (15° W—15° E, 2-7° N), whilst the green and red boxes highlight the Sahel (15° W-15° E,
10-18° N) and Sahara (15° W—15° E, 20-30° N) regions discussed in the analysis. Country abbreviations (black
text) from north to south are as follows: WS, Western Sahel; Mau, Mauritania; TG, The Gambia; Se, Senegal;
GB, Guinea-Bissau; Gu, Guinea; BF, Burkina Faso; Be, Benin; SL, Sierra Leone; L, Liberia; CD’I, Cote
D’Ivoire (Ivory Coast); Gh, Ghana; T, Togo; Cam, Cameroon
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May comparison

(a) 51 51
a7 G 47 _
43 °_ 43 ¥
39 9 39 5
35 & 35 O
31 < 31 &
27 8 97 &
23 23

(c) 51 (d) 51
a7 3G 47
43 °_ 43 ©
39 © 3 o
35 « 35 &
31 i 31
27 O 27 &
23 23

9.9 ¢ 9.9 ¢
95.0 5= 95.0 - &

o w w
9.0 0 3 9.03 8
85.0 & 2 85.0 9 =
8003 5 80.0 0 §

a Y a
7500 g 75.0 & 5
500 = s0.0 =

Fig. 2 Comparison of typical daily maximum temperatures during May in the current- and future-climate
simulations of CP4-A and P25. a, b The typical (median) daily maximum temperature at 1.5 m above the
surface during May from the CP4-A and P25 current-climate output, respectively, with (¢) and (d) showing the
same metric for the future-climate model runs. e, f The absolute difference between future- and current-climate
typical values for each model. g, h The percentile of the simulated current-climate distribution from each model
which corresponds to the typical (median) future-climate daily maximum near-surface temperature. White
regions in (g) and (h) denote locations where the future typical daily maximum temperature is warmer than
99.9% of current-climate values

across West Africa. It is also of note that May represents the approximate end of the coastal
rainfall phase across West Africa, but predates the seasonal installation of the Sahelian rain belt
(Thorncroft et al. 2011). The meridional contrast seen in Fig. 2a, b is consistent with
observations (c.f. Evan et al. 2015).
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In the future climate, the meridional difference in median daily maximum temperatures
during May is still evident in both models (Fig. 2¢, d). However, the absolute increase in
temperature values across Sahelian countries is greater than that found over the Guinea Coast.
Specifically, on a typical simulated future-climate May day, maximum daily temperature
approach or exceed 50 °C over parts of northern Senegal, southern Mauritania, Mali, Niger,
and western Chad in both simulations. These increases represent a rise of greater than 5.5 °C in
both simulations for Mali and Niger specifically, with similar striking increases apparent over
Guinea and Sierra Leone (Fig. 2e, f). By comparison, both models project much smaller
increases in typical May maximum daily temperatures over northern Mauritania and the
Western Sahara (2-3 °C), and over parts of Burkina Faso, Benin, and northern Nigeria (3—
4 °C). Over Ghana, southern Nigeria, and northern Cameroon, CP4-A projects higher absolute
increases in typical May maximum temperatures (around 5.5 °C) than P25 (about 4 °C).
However, apart from these regions, the two models agree in the nature of daily maximum
changes across our analysis region.

With the exception of the Western Sahara and north-west Mauritania, the typical future-
climate day will have a maximum temperature equivalent to beyond the 95th percentile of
present-day conditions (Fig. 2g, h). This represents a statistically significant increase beyond
the 95th percentile (not shown). Indeed, for almost all of sub-Saharan Africa, typical May daily
maximum temperatures in the future climate will be beyond anything presently experienced in
CP4-A. In P25, the same conclusion is found over the Sahel, with typical future-climate
temperatures exceeding the 95th percentile of present-day values over the Guinea Coast.
Figure 2 shows that both CP4-A and P25 project that the future maximum temperatures
during May will be beyond anything presently experienced for a large proportion of West
Africans, echoing the prior work of Mora et al. (2013).

Figure 3 shows the change in daily minimum temperatures during May. In both models,
typical daily minimum temperatures across much of West Africa are around 22-25 °C in the
present climate (Fig. 3a, b), although values are lower over Niger and Cameroon in P25
compared with CP4-A. Compared with daily maximum temperatures, minimum temperatures
show less meridional heterogeneity across West Africa in the present climate (compare
Figs. 2a, b and 3a, b).

Future-climate daily minimum temperatures are projected to increase substantially in both
models (Fig. 3¢, d), with temperatures exceeding 32 °C typical for parts of Mauritania, Mali,
Niger and Chad in the future within the P25 simulation. Increases in P25 are typically 1-2 °C
greater across climates than those seen in CP4-A, particularly across Benin, Nigeria, northern
Ghana and much of the Sahel. Figure 3c, d implies that there is greater spatial heterogeneity in
future-climate typical minimum temperatures than simulated for the present climate; the cause
for this difference is beyond the scope of our analysis but could be worth future consideration.
Both models show much of West Africa with a projected absolute increase in typical daily
minimum temperatures during May of greater than 6 °C (Fig. 3e, f).

Both models agree that, for all of sub-Saharan Africa, the typical daily minimum temper-
ature during May by the end of the twenty-first century will be beyond any presently
experienced value (Fig. 3g, h); this shift is statistically significant beyond the 95th percentile.
Coupled with Fig. 2, both CP4-A and P25 project not only a warmer future climate over West
Africa during May, but a climate where temperatures that would be considered truly excep-
tional presently will become standard.

Figure 4 shows the simulated present-day and future-climate maximum temperatures during
August on a typical day. There is consistent agreement in the magnitude and spatial variability
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Fig. 3 Comparison of typical daily minimum temperatures during May in the current- and future-climate
simulations of CP4-A and P25. a, b The typical (median) daily minimum temperature at 1.5 m above the surface
during May from the CP4-A and P25 current-climate output, respectively, with (c) and (d) showing the same
metric for the future-climate model runs. e, f The absolute difference between future- and current-climate typical
values for each model. g, h The percentile of the simulated current-climate distribution from each model which
corresponds to the typical (median) future-climate daily minimum near-surface temperature. White regions in (g)
and (h) denote locations where the future typical daily minimum temperature is warmer than 99.9% of current-
climate values

of daily maximum temperatures across the two models in both the present climate (Fig. 4a, b)
and future climate (Fig. 4c, d). The regional maximum in present-day temperature (>41 °C)
located over northern Mauritania, northern Mali, and Algeria extends further south in P25
compared with CP4-A, which could imply a deeper Saharan Heat Low (Lavaysse et al. 2009,
2015) in the parameterised convection model. However, outside of this region, the two models
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August comparison
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Fig. 4 Analogous figure to Fig. 2, using August typical daily maximum temperatures at 1.5 m

are closely aligned, and show a zonally homogenous, but meridionally heterogeneous distri-

bution in maximum temperatures.

In both future climate simulations, the south-north meridional temperature contrast previ-
ously seen in other studies (e.g. Vizy et al. 2013; Fitzpatrick et al. 2020) is also apparent—here
in the typical daily maximum August temperatures. Across Burkina Faso, southern Niger,
northern Nigeria and south-western Chad, typical temperatures increase by around 3-5 °C
between climates in both models, from approximately 27.5-29 to 33.5-35 °C (Fig. 4e, f).
Towards the Guinea Coast, greater absolute increases are projected over Ghana and Cameroon
in both simulations, although P25 projects greater increases (of the order of 1-2 °C) over the
Ivory Coast, Benin and southern Nigeria. However, both models project a substantial increase
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in typical daily maximum temperatures north of the Sahel (>6 °C) with daily maximum
temperatures greater than 47 °C standard across almost all over the Saharan region. Figure 4 is
thus consistent with the expectation that the Sahara will heat disproportionately compared with
the Sahel under climate change.

With regard to relative changes, Fig. 4g, h both highlight a narrow latitude band over
northern Senegal, southern Mali, Burkina Faso, and the Niger-Nigeria border where the typical
future climate daily maximum temperature during August exceeds the 95th percentile of
present-climate values. Elsewhere, the typical temperature is beyond the 99.9th percentile of
current temperatures. This narrow band aligns with the location of the maximum rain belt over
West Africa in the current climate (c.f. Lafore et al. 2011) implying potentially that relative
temperature increases during the core Sahelian monsoon month are lower over the region where
large-scale rainfall is present. Regardless, Fig. 4 shows typical temperatures in the future that
would be considered extreme and potentially high impact from a current-climate perspective.

Current-climate typical daily minimum temperatures are similar during May (Fig. 3) and
August (Fig. 5) with temperatures ranging between 19 and 25 °C across most of the region.
However, typical future-climate daily minimum temperatures during August in the future
climate exceed 34 °C for a much larger proportion of the Sahara and north-west Africa
compared with May in both models (compared Fig. 3c, d with Fig. 5c, d). Near the Guinea
Coast, with the possible exception of the Dalhomey Gap region around Togo and the Ivory
Coast, although typical future-climate minimum temperatures do increase during August
across climates, these increases are of the order of 4 °C relative to the > 6.5 °C increases seen
over the Sahara (Fig. Se, f). Effectively, these increases act to impose a clear meridional
gradient in typical daily minimum temperatures across West Africa in the future within both
models (Fig. 5S¢, d). We do not explore the impact of this change on the diurnal cycle on
moisture circulation across climates here, but this may be worthy of future research.

Figure 5g, h highlight that both models project typical daily minimum temperatures beyond
any currently experienced locally for almost the entirety of our analysis region. Although the
local respective change in typical daily minimum temperatures lies beyond the 99.9th percen-
tile for almost all of West Africa, projected future climate values over the Guinea Coast region
are comparable with those found over Mali and Burkina Faso in the present climate.
Figure 5g, h thus shows the fundamental difference between the methodology applied here
and methods that compare different geographical regions in different climates.

Figure 6 highlights the percentage of future-climate August minimum temperature during
August in CP4-A and P25 which exceed the typical present-day maximum temperatures. Over
the Sahara, we see that neither model projects future minimum temperatures to exceed the
present-day typical maximum temperature. This result is expected given the large difference
between daytime and night time temperatures over the Sahara due to sensible heating and
radiative cooling. However, across the Guinea Coast and the Sahel, we see that there are
future-climate days with a minimum temperature in excess of the present-day maximum
temperature on the median day. Within Sahelian countries, the frequency of this occurrence
is relatively modest but non-negligible (around 5—15% of days). Over parts of Guinea, Sierra
Leone, Nigeria, and Cameroon, over 40% of future-climate days meet this criteria, with some
regions of Nigeria and Cameroon showing rates higher than 70%. P25 tends to project a higher
percentage of future-climate days that meet our criteria, which is associated with the relatively
greater absolute increase in future-climate minimum temperatures, particularly over Cameroon
(Fig. 5f). Figure 6 shows that, for certain regions of West Africa, a considerable number of
future-climate days will have hotter nights than a typical day in the present.
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Fig. 5 Analogous figure to Fig. 3, using August typical daily minimum temperatures at 1.5 m

Figure 7 presents an analogous result to Fig. 4g, across the bias-corrected CMIP5 ensemble.
Note that all models only show changes for land points. Across the Sahel, the median future-
climate daily temperature maximum lies beyond the 99.9th percentile value simulated in the
current climate in 22 out of 29 models. The exceptions are BNU-ESM, CNRM-CMS, MIROC
ESM-CHEM, MIROC ESM, MIROCS, NorESM1_M, and inmcm4. Of these seven models,
CNRM_CMS, MIROCs, NorESM1 M, and inmcm4 do project future median daily maxi-
mum temperatures towards the upper end of present-day values. Over the Guinea Coast, a
similar result is seen with the majority of models simulating median future-climate values
beyond the 90th percentile of present-day values. However, over the Sahara, all models
simulate future median daily maximum temperatures during August beyond all presently

@ Springer



280 Climatic Change (2020) 163:267-296

(a)

75
£
65 € %
- E
55
or
4537
3525
X
25<.(8
153 A
& O
75
65 .S X
EE
55
s 5
m
3L
BoS
W
2S5
15 @ A
a.
5

Fig. 6 Identification of regions where future-climate minimum temperatures during August may be warmer than
typical current-climate daily maximum temperatures. a, b The percentage of future-climate August days that have
a minimum temperature greater than or equal to the current-climate maximum temperature on a typical day
within CP4-A and P25, respectively. Black regions denote areas where less than 5% of future-climate days meet
these criteria

simulated values. Figure 7 implies that our findings for CP4-A and P25 are robust compared
with a larger available ensemble of climate projections. We find a similar result for temperature
maxima in other months, and for temperature minima (not shown).

5.2 Changes in rainfall intensity and agronomic onset

Figure 8 compares the median daily precipitation total on all days with at least 1 mm of rainfall
across climates. We have included all of our analysis region in Fig. 8 but note the caveat that
there are very few qualifying rainfall events in either model/climate across most of the Sahara
(not shown). We also note that there are fewer rain events across West Africa in the future-
climate simulations (Kendon et al. 2019) and fewer mesoscale convective systems (Fitzpatrick
et al. 2020) compared with the current climate.

Noting the different scaling, the typical rainfall rate simulated in P25 is lower than that
found in CP4-A across all of the Sahel in both the current climate (Fig. 8a, b) and future
climate (Fig. 8c, d). This finding is expected from prior comparisons of CP4-A and P25,
although we do note that CP4-A may overestimate the rainfall as well particularly over high
topography (Berthou et al. 2019; Crook et al. 2019; Kendon et al. 2019). Here, we focus on the
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Fig. 7 Recreation of Fig. 4g using the full avaiable bias-corrected CMIP5 ensemble from Famien et al. (2018).
Current-climate median temperature values are taken from 1980 to 2000, with future-climate values taken from
2080 to 2100. Note that the bias-corrected dataset only includes continental land points across Africa

spatial nature of changes in typical rain rates and the relative change locally across climates
within both models.

Within CP4-A, typical storm rain rates show a degree of zonal homogeneity across West
Africa (Fig. 8a). The highest rates over land are modelled over Guinea, Sierra Leone, and
Liberia (> 80 mm/day), with values ranging from 60 to 80 mm/day found over the rest of the
Guinea Coast and sub-Sahelian West Africa. Over the Sahel, typical storm rain rates range
from 40 to 60 mm/day for most of the region, with the exception of southern and coastal
Senegal where typical rates of 60—80 mm/day are found. P25 simulates a similar maximum
over Guinea (40—45 mm/day — Fig. 8b), however does not highlight a maxima over Sierra
Leone and Liberia, and also has greater zonal heterogeneity in typical rain rates across the rest
of the Guinea Coast. P25 captures a northwest—southeast tilt in the contours of typical day rain
rates in the current climate, consistent with that see for CP4-A. This tilt is similar to present-
day observations of the Inter-tropical Front, and the slope of the 1-mm/day and 4-mm/day
isohyets observed in Lélé and Lamb (2010).

If both future-climate simulations, there is a northwards shift in the typical day rain rates
(Fig. 8c, d), most pronounced over southern Mauritania and central Mali in CP4-A. Relatively
intense typical rain rates for each model (50 mmy/day in Fig. 8c for CP4-A, 25 mm/day in Fig.
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Fig. 8 Comparison of typical daily precipitation rate across all days with at least 1 mm of rainfall in the current-
and future-climate simulations of CP4-A and P25. a, b The typical (median) daily precipitation rate from the
current-climate CP4-A and P25 output, respectively, with (¢) and (d) showing the same metric for the future-
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denote locations where the daily rainfall rate of a typical future-climate rainy day exceeds that of 99.9% of

current-climate rainy days

@ Springer



Climatic Change (2020) 163:267-296 283

8d for P25) penetrate further north in the simulation with explicit convection compared with
the parameterised-convection counterpart model, particularly over Mali and Niger.

Relatively high rainfall rates for typical storms in CP4-A (> 60 mm/day) are seen over
much of the Sahel and Guinea Coast, with local percentage increases in typical storm rain rates
of'around 50% found for most of sub-Saharan West Africa (Fig. 8e). This increase is consistent
with Fitzpatrick et al. (2020), who find an average 43% increase in rain rates of mesoscale
convection systems across the Sahel between the current and future-climate CP4-A simula-
tions. By contrast, P25 projects east-west heterogeneity in the percentage increase of typical
storm rain rates, with the smallest increases (0-20%) seen over southern Mali. Figure 8 shows
a difference in the magnitude and spatial variability in precipitation projections across our two
models that are not present in projections of temperature changes.

Despite the spatial disagreement in precipitation rates across CP4-A and P25, we
find that both models project the rain rate associated with a typical future-climate
event over sub-Saharan Africa will be beyond the 95th percentile of present-day
values (Fig. 8g, h). Despite the differences in absolute and percentage changes seen
across models, there is agreement that currently considered extreme rain events (i.e. >
95th percentile events) will be typical in the future.

Figure 9 shows the average date of the agronomic onset (or the onset of persistent local
rainfall) across the Sahel. Given that agronomic onset occurs at most once per year per
location, we do not analyse the relative change in onset dates across climates as we do not
consider the sample sizes large enough to given meaningful insight. Instead, we comment
below on the spatial distribution of onset dates and how this pattern changes across climates.

In both simulations of the current climate (Fig. 9a, b), we see a southwest-to-northeast
progression of agronomic onset. The earlier mean current-climate onset dates (1-15 June) are
found over northern Guinea, southern Mali, and southern Burkina Faso in CP4-A (Fig. 9a),
with P25 simulating these earlier onset dates farther east towards northern Benin (Fig. 9b). A
band of the Sahel has mean onset dates around 1-15 July in both models including northern

1)Jun 15)un 1jul 15 )Jul 1 Aug15 Aug1l Sep 1)Jun 15jun 1jul 15 Jul 1 Aug15 Augl Sep -14 -10 -6 -2 4 8 12
(d) CP4-A CC mean onset (e) P25 CC mean onset () CC CP4-A - P25 mean onset

1jun 15Jun 1Jul 15)ul 1 Aug15 Augl Sep 1jun 15jun 1jul 15 jul 1 Aug15 Augl Sep -14 -10 -6 -2 4 8 12
(9) CP4-A FC mean onset (h) P25 FC mean onset FC CP4-A - P25 mean onset
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Fig. 9 Change in mean agronomic monsoon date over the Sahel across climates. a, b The mean agronomic
monsoon onset date across the Sahel from the current-climate CP4-A and P25 simulations, respectively, with (¢)
showing the difference between (a) and (b). d—f The same data for the future-climate simulations. g, h The
difference in mean onset date between the future climate and current climate for each model. In (a), (b), (d), and
(e), white regions denote locations where the agronomic onset criteria are not met for more than 5 of the 10 years
of model output. See Table 2 for definition of agronomic monsoon onset
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Burkina Faso, southwest Niger, and most of Nigeria. The latest onset dates are found across
northern Senegal, southern Mauritania, and central Mali and Niger in both models. Overall, the
spatial pattern of onset progression is consistent between the two simulations; however, we
note that CP4-A simulates later mean onsets over Burkina Faso and central Mali of the order of
1012 days (Fig. 9c) and earlier onsets by approximately the same timeframe around Senegal,
south-west Mali, and parts of northern Nigeria. It has been posited before that the poor
representation of early season MCSs in parameterised-convection models lead to inaccuracies
in local onset dates (Fitzpatrick et al. 2016, Appendix B). The spatial pattern of mean onsets in
the current climate within both models is similar to that found in observations (Fitzpatrick et al.
2015) and appears more realistic than in prior versions of the Met Office seasonal forecasting
model (Fitzpatrick et al. 2016, Appendix B).

With the exception of later future-climate onsets over southern Mali and southern Burkina
Faso in CP4-A, we see agreement between models in the future changes in local onset dates
(Fig. 9d, e). Within both model projections, there is evidence of an east-west dipole in relative
onset timings across climates, with later onsets (up to two weeks later) projected across the
Western Sahel, and earlier onsets of a similar temporal magnitude projected across the Eastern
Sahel in the future (Fig. 9f, g). This dipole in the change in onset dates is similar to the
projected change in annual and seasonal precipitation totals under global warming (Biasutti
2013; James et al. 2014), and to changes in relative humidity (Kendon et al. 2019; Fitzpatrick
et al. 2020). Alongside prior work, Fig. 9 suggests that not only will the western Sahel become
relatively drier in the future climate, but it will have a later onset of persistent rainfall.

Figure 10 highlights the change in the standard deviation of simulated agronomic onset
dates across climates. We first note that the agronomic onset has a higher inter-annual
variability than regional onset metrics (Sultan and Janicot 2003; Marteau et al. 2009;
Fitzpatrick et al. 2015), and values of 14-21 days over Burkina Faso and Niger are found in
satellite rainfall observations (Fitzpatrick et al. 2015). Nevertheless, Fig. 10 shows an apparent
shift across almost the entire Sahel, with the exception of Senegal and northern Benin, towards
higher inter-annual variability of onset timing under climate change. Broadly, this pattern is
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Fig. 10 Analogous figure to Fig. 9, but evaluating differences in the standard deviation of agronomic monsoon
onset at each grid point
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Fig. 11 Analogous plot to Fig. 9, but displaying the change in the average number of false agronomic onsets per
year for each grid point. See Table 2 for the definition of false onset

also recreated in P25; however, this simulation projects a reduction in variability over Burkina
Faso across climates. The drivers of agronomic onset are not well understood, although regions
of consistent inter-annual variability have been identified across the Sahel (Fitzpatrick et al.
2016). Better understanding of the cause of the relative delay and increased variability in onset
dates across climates deserves increased future attention.

Finally Fig. 11 presents the average number of false onsets per year in both models and
across climates. CP4-A simulates more false onsets on average per year in both climates
compared with P25 (Fig. 1l1c, f), which is associated with an increased number of isolated
early season rainfall events in the explicit convection model (not shown). As agronomic onset
is an underexplored subject, the nature, frequency and importance of these early season
systems requires further understanding both in the present climate and in future projections.
Across climates, we see an increase of up to 2 extra false onsets per year across the Sahel in
CP4-A (Fig. 11g), with a smaller increase of around 1 extra false onset per year projected in
P25 (Fig. 11f). Collectively, Figs. 9—11 present projections of later, more variable agronomic
onset across much of the Sahel with an increased risk of false onset. The socioeconomic risk
associated with these changes, particularly false onset rate and inter-annual variability are not
easy to speculate on, as these events are experienced on a sub-seasonal forecasting timescale
and thus their impact will be intrinsically tied to the value of future forecasts (Murphy 1993).
However, across all figures, CP4-A and P25 both point to a future climate over West Africa
where present-day extremes are common occurrences.

6 Discussion

CP4-A and P25 highlight a drastic change in the temperature extremes projected on a typical
future day relative to the present climate, as well as a substantial change in the relative intensity
of the typical precipitation event. As with projections of the magnitude of climate change over

West Africa, such as those presented above, interpretations of climate change impacts vary due
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to the cascade of uncertainty in simulating adaptation responses (Wilby and Dessai 2010).
However, if projected changes within an isolated feasible future-climate scenario are consid-
ered without assumptions of adaptation strategies, it is possible to highlight issues that would
need to be addressed through such strategies should the projections become a reality. The
discussion provided below aims to highlight some specific concerns that could arise under the
future presented by CP4-A and P25. We note that the list of potential impacts discussed below
is not comprehensive. It is important to be clear about the intentions and limitations of the
discussion provided here. Our intention is to highlight some key socioeconomic challenges
currently present over West Africa for which the effects could be magnified under the feasible
future projected by CP4-A and P25. The authors additionally acknowledge that important
mitigation and adaptation measures are being considered and undertaken to tackle the impact
of climate change related impacts over West Africa, and thus our projections and implications
discussed should not be considered specific prognostications, but as indicative of potential
impact. Finally, we are aware that, although our analysis focusses on climate change, this
challenge is merely one of many co-existing factors that can inhibit socioeconomic develop-
ment within the Sahel, and in some cases may not be the primary barrier to sustainable
improvement (Mertz et al. 2009).

6.1 Potential impact of changes on crops

Agricultural related risks are of particular interest given the self-sufficient nature of the West
African food economy, and the difficulty in implementing adaptation methods in this field, for
example due to personal dietary preferences, or the length of time they take to implement
(Challinor et al. 2016). Crops can be particularly susceptible to changes in heat and available
water. For example, crops experience heat stress when they encounter temperatures above the
range to which they are adapted (Barnabas et al. 2008). The impact of heat stress on crop
growth and development is a function of the magnitude of the temperatures they are exposed
to, the duration over which these temperatures persist and the speed at which temperatures
depart from normality (Porch and Hall 2013). The temperature thresholds above which crops
experience heat stress differs by species (Porter and Gawith 1999; Luo 2011; Sanchez et al.
2014), as does the sensitivity to duration (Prasad et al. 2017) and the rate at which acclimation
is possible. An over-arching understanding of the duration of high temperatures required for
heat stress to occur across plants remains at the frontier of research in the plant sciences.

Table 2 Critical temperature thresholds for different regionally important field crops taken from two separate
studies

Crop Damaging temperature Mean lethal temperature
threshold (°C) limit (°C)
(Prasad et al. 2017) (Sanchez et al. 2014)

Groundnut 36

Maize 35 46 £2.9

Rice 35 429+0.7

Wheat 32 47.5+0.5

Sorghum 38

Millet 40
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Under the projections of temperature change from CP4-A and P25, crop diversity across
West Africa could be reduced by necessity in the future climate across many regions. Parts of
northern Senegal, southern Mali, and southern Niger experience daily maximum temperatures
that exceed 38 °C in August. A similar finding exists for July and September (not shown). This
temperature exceeds the threshold for irreversible crop damage or even total crop destruction
thresholds during the reproductive stage for the major crops grown in these regions except
groundnut, sorghum, and millet (Table 2) (Sanchez et al. 2014; Prasad et al. 2017). We note
here that Sanchez et al. (2014) also investigate damaging temperatures, with values compara-
ble with Prasad et al. (2017). These regions will therefore be less suitable for maize, rice and
wheat cultivation than they are today. This simple suitability based analysis is supported by the
findings of more complex approaches using process-based crop models, which integrate the
impacts of changing temperatures, rainfall and carbon dioxide (e.g. Challinor et al. 2014, 2015,
2016). In a recent review of climate impacts on agriculture in West Africa, Sultan and Gaetana
(2016) found that although there is a large spread in modelled outcomes and that outcomes
vary regionally, robust evidence of overall negative impacts on crop yields emerged.

Noting the dominance of temperature impacts on crop yield in the Sudanian and Sahelian
savannah regions, Sultan et al. (2013) point to the importance of breeding crops capable of
withstanding the effects of global heating. This adaptation strategy is emphasised in a number
of studies. Guan et al. (2017) use crop models to explore the potential of five plausible
adaptation options for Sorghum in West Africa and find that increased tolerance to heat during
grain filling is the most effective. Parkes et al. (2018) find that the impacts of global heating on
maize yields in West Africa under RCP8.5 is less severe when simulating a genotype that is
resistant to the impacts of heat stress during flowering.

The process of conventional breeding for heat tolerance involves selectively crossing heat-
tolerant cultivars with commonly grown cultivars that meet regional dietary and market
preferences. Whilst this may be an effective strategy for some crops, knowledge of existing
genetic diversity in many plants remains limited (Driedonks et al. 2016). The extent to which it
is possible to breed crops that are able to cope with the conditions projected in the RCP8.5
scenario remains uncertain.

Breeding field crops better able to withstand high temperatures during flowering would not
automatically account for the impact of projected high night-time temperatures. The large rise
in minimum temperatures described in this study could also affect crop productivity by
increasing maintenance respiration, which lowers net growth (Mall et al. 2006). For example,
anarrowed diurnal range of temperatures decreases production of non-structural carbohydrates
leading to a loss of grain weight and quality in rice (Jagadish et al. 2015).

6.2 Potential impacts of projected changes on livestock

Concerns regarding the impact of increased temperature also extend to livestock. For example,
although native cattle within tropical regions, zebu cattle (Bos indicus), have evolved to
survive in high temperatures through evolutionary traits such as increased capacity for heat
loss (Hansen 2004), future stressors may impact the sustainable rearing of these animals.
Studies have shown that zebu cattle are better equipped to reproduce and survive in hot regions
(Seif et al. 1979; Eberhardt et al. 2009; Charoensook et al. 2012). However, whilst zebu cattle
can adapt to high temperatures through enhanced perspiration, this process requires increased
water uptake by the animals (Seif et al. 1979; Aggarwal and Upadhyay 2013). The projected
trend towards more intermittent, but intense precipitation events across West Africa could pose
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a problem for rearing livestock particularly in nomadic communities; however, the extent of
this impact will depend on many factors including changes in water resource management.
Further, the nutritional rate of livestock by-products decreases under increased exposure to
high temperatures (Abdalla et al. 1993; Cooke et al. 2020). An increased population could
require more livestock to be reared for food without social changes in dietary patterns (Cooke
et al. 2020), further placing stress on water resources.

However, it is important to note that studies on livestock adaptability to high temper-
atures almost exclusively do not consider temperatures at the levels seen in Fig. 3.
Interpretations of projected changes within CP4-A and P25 on livestock require a degree
of extrapolation and will also be affected by breeding, husbandry, and dietary changes
through the twenty-first century. Regardless, it is evident that increased temperatures can
have at least a negative impact on water resources necessary for livestock practices within
the Sahel. However, not all impacts of projected climate change on livestock are negative.
For example, CP4-A and P25 project a decrease on the frequency of cold night-time
temperatures (not shown for all months), which have previously been identified by
stakeholders as high-risk events for animals (Visman et al. 2017).

6.3 Potential impact of projected changes on psychological and physical health

To the authors’ knowledge, there are few climate science papers focussed on West Africa (or
indeed globally) which expand their scientific findings to the field of mental health challenges.
Given expanding public interest in mental health over recent decades, and the stacking nature
of other climate stressors on mental health, we consider it of interest to provide a discussion on
this topic within the context of climate change and weather extremes with the aim of spurring
future co-production of research within this field.

The study of the impact of climate change on psychological health is a fast-expanding topic
in the broader scientific literature. For example, Vins et al. (2015) provide a meta-study of
contemporary literature identifying direct and indirect ways through which damaging dry
spells or droughts, which become more frequent in CP4-A (not shown) can affect the
economic, social, and mental wellbeing of affected communities. However, we note that
none of the studies examined within Vins et al. (2015) were directly related to West Africa.
Indeed, the authors could not find dedicated studies of climate change and mental wellbeing
for communities living in West Africa, highlighting an important avenue for future research.
Subsequently, we provide discussion drawing from the wider literature whilst stressing there is
a need for more investigation of this evolving subject both globally, as argued by Bourque and
Willox (2014), Hayes et al. (2018), and Cianconi et al. (2020) among others, and specifically
for West Africa.

Rising temperatures have been linked to an increase in mental health concerns (Reiser
2017; Hayes et al. 2018), with tangible links between a more varying climate with respects to
temperature and mental stress identified (Willox et al. 2013; Reiser 2017; Hayes et al. 2018).
Further studies have identified long-lasting negative mental health impacts (such as posttrau-
matic stress disorder) associated with natural disasters, as well as temperature and water stress
and degradation of local ecosystems (Ginexi et al. 2000; Norris et al. 2002, 2004; DeSalvo
et al. 2007; North and Pfefferbaum 2013; Cunsolo and Ellis 2018; Marshall et al. 2019; Zenko
and Menga 2019). The more extreme future-climate typical conditions projected in CP4-A and
P25 could amplify the frequency of damaging HIW events along the lines presently observed
(Tarhule 2005; Di Baldassarre et al. 2010; Nka et al. 2015; Wilcox et al. 2018; Panthou et al.
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2014, 2018; Taylor et al. 2017; Tazen et al. 2018), and thus increase mental stress for some
people living in West Africa. However, there is still a need to improve identification of mental
health identifiers and to separate the attributable responsibility of HIW events within such
studies (North and Pfefferbaum 2013; North 2014) and incorporate adaptation assessments
with regard to mental health (Hayes et al. 2018).

Berry et al. (2010), Fig. 2) provide a framework through which the cultural, economic,
social, developmental, and environmental aspects of climate change can affect mental health.
Considering how changes such as those projected in CP4-A and P25 will affect mental health
along the framework of Berry et al. (2010) naturally carries a degree of speculation. In part,
this fact is because climate change is not the only factor that affects mental health (Padhy et al.
2015; Trombley et al. 2017), and the impacts of HIW-related disasters may vary by other
factors such as gender (e.g. Viswanath et al. 2013; Manning and Clayton 2018) or economic
standing (Ginexi et al. 2000). Nevertheless, the implication of typical future weather condi-
tions towards the extreme end of presently experienced conditions presented here for CP4-A
and P25 suggests that an increase in the direct, indirect, and psychosocial impacts of climate
change on mental health (Doherty and Clayton 2011) is highly likely without mitigating the
scale of climate change over the region.

The impact of HIW extremes on physical health is also a subject of extensive research (e.g.
Moran et al. 1999; Patz et al. 2008; Smith et al. 2014; Serdeczny et al. 2017; Wilson 2017),
with specific links between higher temperatures and mortality found in West Africa (Azongo
et al. 2012; Egondi et al. 2012). As with psychological impacts, the potential for negative
health effects from rising temperatures, for example, differ across age groups (Miescher and
Fortney 1989; Meade et al. 2020) and physical health (Havenith and van Middendorp 1990).
There can be further risk associated with likelihood of exposure (such as performing work in
unsheltered, non-temperature-controlled environments) or access to provisions that can help
regulate body temperature or hydration levels. It is important to note that these challenges are
not caused by climate change per say—as they presently exist in many African nations (for
example, according to the charity Water Aid, almost half of people in Burkina Faso do not
currently have reliable access to clean water).

Our results compliment the findings of Mora et al. (2017), Fig. 3), who highlight that
regions of West Africa will frequently experience lethal temperatures on a regular basis in the
future. We additionally highlight that there are many other potential health-related impacts
beyond the scope of our study to comment on, such as changes in dust uplift and respiratory
conditions. However, we are confident in stating that the change in typical conditions over
West Africa projected by CP4-A and P25, particularly temperature changes, imply a higher
risk of weather-related mortality by the end of the twenty-first century.

7 Conclusions

In the current climate, extreme temperature or precipitation events, at both ends of the scale,
can have strong, negative impacts on a population with limited means to adapt to said
extremes. The relative frequency of events considered by today’s standards to be “extreme”
in the future climate helps determine the frequency of high-impact events that can threaten the
West African populace’s development goals.

In this article, we provide a communication on one possible realisation of climate change in
user-relevant metrics, by showing what a median day in the future climate may look like with
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respect to current variability and extremes. We believe that this method can be used alongside
other future-climate projection studies to provide information in multiple ways, thus hopefully
increasing public engagement in climate science.

Within feasible projections for the end of the twenty-first century, we conclude that HIW
events by contemporary standards become regular occurrences over West Africa. Specifically,
we highlight the following outcomes:

(1) Future median temperature maxima and minima often lie beyond the most extreme
current-climate temperature values.

(2) Across parts of coastal West Africa (particularly Nigeria and Sierra Leone), at least half
of future-climate days have a minimum temperature higher than the median current-
climate maximum temperature.

(3) Future-climate median temperatures lie at or beyond the critical temperature thresholds
for many staple crops grown in West Africa reducing the number of feasible crops that
can be grown in the region.

(4) Median rainfall on days with at least 1 mm of accumulated rain increases by >50% in
CP4-A with smaller increases found for P25. This median future wet-day rainfall exceeds
the 95th to 99th percentiles of current-climate values in both models.

(5) Onset changes show earlier onset in the eastern Sahel in the future climate, with later
onset in the western Sahel. However, given the increase in regularity of extreme
temperature events in the future, changes in onset may be, relatively, less important.
Additionally, across almost the entire Sahel, the inter-annual variability of onset date
increases with climate change.

(6) The frequency of false onsets increases across West Africa in both models and are
particularly more frequent in the future-climate CP4-A simulation.

In terms of the relative intensification of local typical temperature and rainfall metrics, CP4-A
and P25 show good agreement across almost all cases studied. This includes the relative
intensification of typical precipitation rates, despite the absolute rainfall rates simulated by
parameterised convection models being known to underestimate observations. We believe that
using relative intensification there is a robust signal across different types of climate models.
Whilst convection-permitting models give improved representation of convection, and more
realistic rainfall values over West Africa (Berthou et al. 2019), from a relative increase
viewpoint, less computationally expensive models could provide very similar climate change
information for decision makers.

The preponderance of currently considered “extreme” events in the future-climate scenarios
presented here stresses the need for climate change adaptation and mitigation to reduce the risk
of negative consequences for stakeholders in West Africa. Here, we have highlighted contem-
porary literature looking at the potential consequences of more-frequent HIW events on
agricultural, livestock, and mental health concerns. Mental health in particular is a subject that
is not widely broached in climate science research when considering the effects of climate
change on people. Given the added strain that climate change can have on other socioeco-
nomic factors, we believe that mental health deserves greater understanding and recognition
within co-production research regarding global warming and climate change.

The results of this paper can aid knowledge exchange partners and other branches of
research in exploring realistic adaptation strategies in a co-production environment. It is our
hope that framing future-climate scenarios in the manner we have presented can provide easy-
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to-disseminate evidence which may help a collaborative approach towards motivating climate
change mitigation and finding realistic adaptation plans for West Africa.
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