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Abstract Heat and discomfort indices are applied to the multimodel ensemble mean of COordinated
Regional climate Downscaling EXperiment-Africa regional climate model projections to investigate future
changes in heat stress and the proportion of human population at risk under 1.5 °C and 2 °C global warming
scenarios over West Africa. The results show that heat stress of category Extreme Caution is projected to
extend spatially (up to 25%) over most of the Gulf of Guinea, Sahel, and Sahara desert areas, with different
regional coverage during the various seasons. Similarly, the projected seasonal proportion of human
population at discomfort substantially increases to more than 50% over most of the region. In particular, in
June-August over the Sahel and the western Sahara desert, new areas (15% of West Africa) where most of
the population is at risk emerge. This indicates that from 50% to almost everyone over most of the Sahel
countries and part of the western Sahara desert is at risk of possible heat cramp, heat exhaustion, and heat
stroke in future climate scenarios. These conditions become more frequent and are accompanied by the
emergence of days with dangerous heat stress category during which everyone feels discomfort and is
vulnerable to a likely heat cramp and heat exhaustion. In general, all the above features are more extended
and more frequent in the 2 °C than in the 1.5 °C scenario. Protective measures are thus required for outdoor
workers, occupational settings in hot environments, and people engaged in strenuous activities.

1. Introduction

Climate change is causing warming over tropical Africa. Such temperature increase is expected to continue
in the future with a projected global temperature change of about 1.4 °C to 4.8 °C (Intergovernmental
Panel on Climate Change, 2014) and a regional response over the Sahel of about 2 °C to 6 °C (Sylla,
Nikiema, et al., 2016) when considering the Representative Concentration Pathway 4.5 and 8.5 concentra-
tion scenarios (Moss et al., 2012). As a result, hot extremes will become more common and deadly in many
regions across the world (Gasparrini et al., 2017; Im et al.,, 2017; Lee & Kim, 2016; Mora et al., 2017) and in
tropical Africa (Giorgi et al.,, 2014; Liu et al,, 2017; Russo et al., 2014), with their frequency, duration, and
magnitude depending on the underlying forcing scenario (Anderson et al, 2018; Dosio, 2017; Linares
et al, 2014; Russo et al.,, 2016). Such hot extremes can have widespread impacts on human and natural
systems, thereby challenging the adaptive capacity and resilience of local populations and activities
(Ceccherini et al, 2017; Fontaine et al., 2013; Pal & Eltahir, 2016; Sultan & Gaetani, 2016; Zougmoré
et al, 2016).

In an effort to limit global warming, the international community reached an agreement at the United
Nations Framework Convention on Climate Change 21st Conference of Parties held in Paris in 2015. This
agreement sets the path to hold the global temperature increase below the 2 °C target, and possibly below
a 1.5 °C target, with respect to preindustrial temperatures. While these global temperature limits are impera-
tive for international negotiations, they do not explicitly consider regional changes. Furthermore, due to non-
linearities in the climate system, it is unreasonable to assume that all regional changes will be proportional to
the mean global temperature change.
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30°N Domains and Topography (meters) Therefore, in line with the Paris Agreement, the scientific community is
increasingly interested in investigating the climate change impacts asso-
25°N ciated with the 0.5 °C difference between the two warming targets (i.e.,
20°N 1.5 °C and 2 °C; James & Washington, 2013; Perkins-Kirkpatrick & Gibson,
2017; Schleussner et al., 2016). Despite the prominence of these two
15°N targets, only few studies have attempted to quantity the corresponding
10°N regional climate impacts over Africa. For example, a study by
5N Schleussner et al. (2016) based on the Coupled Model Intercomparison
Project Phase 5 global climate models (GCMs) found, among other results,
0° an increase in the intensity of hot extremes (i.e., annual maximum value of
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Figure 1. The West Africa domain of interest and its topography.

models (RCMs), respectively, and found over continental Africa an increase
in annual mean temperature characterized by strong regional heterogene-
ities between the subtropics and the coastal regions. More recently, Dosio
et al. (2018) projected a significant increase of heat wave magnitude over
this region even under the 1.5 °C target. Only few studies compared changes between the two warming tar-
gets with a focus over West Africa, but was limited to the issue of wet and dry spells (Klutse et al., 2018) and
crop yields (Faye et al., 2018).

While these studies provided key information about increasing annual mean temperature and/or hot
extremes for both warming scenarios, they did not provide direct information on comfort levels based on
heat stress (since this must include information on humidity) that measures how hot the body really feels.
During extremely hot and humid conditions, the body’s ability to cool itself is challenged. Exposure to both
high temperature and humidity generates occupational heat stress that can substantially affect people
either working outdoors and in hot environments or engaged in physical activities (Lucas et al.,, 2014;
Takahashi et al.,, 2007). This can undermine people’s productivity and health, thus negatively impacting
well-being and possibly the countries’ economy (Chen et al., 2017; Kjellstrom et al,, 2009; Liang et al.,
2011). West Africa spans different climate zones with contrasting seasonal cycles (Diallo et al., 2014; Sylla,
Elguindi, et al., 2016); it is densely populated, and it includes many economies in transition. Therefore, it
can be particularly vulnerable to changes in heat stress. Information on projected heat stress can thus help
policymakers to develop strategies for the most vulnerable areas aimed at protecting worker’s health and
productivity through mitigation and/or adaptation.

Based on these premises, in this study, we investigate the impacts of 1.5 °C and 2 °C global warming scenarios
on heat indices over West Africa using a multimodel ensemble of 22 RCM simulations from the COordinated
Regional climate Downscaling EXperiment (CORDEX; Giorgi et al., 2009; Giorgi & Gutowski Jr, 2015). CORDEX
simulations have been already substantially validated over West Africa (Akinsanola et al., 2017; Dosio et al.,
2015; Nikiema et al., 2017), and a central goal of this study is thus to examine the extent to which seasonal
occurrences of different heat stress categories shift and spatially extend over the region. In particular, we also
want to assess how changes in heat indices are translated into discomfort for local populations.

2. Data and Methodology

An ensemble of 22 simulations from the CORDEX-Africa experiments is used to assess the regional response
of heat and discomfort indices under the 1.5 °C and 2 °C global warming scenarios over the West African
domain shown in Figure 1.

The CORDEX RCMs along with the GCMs they downscaled, as well as the methodology to derive the
1.5 °C and 2 °C global warming scenarios, are reported in supporting information Tables S1 and S2.
The model resolution is ~50 km (or ~1/2°), and the scenarios are derived as the 30-year period when
the driving GCMs reaches 1.5 °C or 2 °C temperature increase compared to the reference period (see
supporting information).

To assess the stress induced by the combined effects of high temperature and humidity, we apply the
National Oceanic and Atmospheric Administration/National Weather Service heat index (hereafter referred
as HI) formulation developed by Rothfusz (1990), which is given by the following equation (1):
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Table 1
Summary of Heat Indices (Hl), the Corresponding Risks Levels, and Heat Stress Classification, Along With the Health Problems
They Can Trigger

HI (°F) HI (°C)  Risk levels Classification  Health problems

=<80 =<27 Extremelylow Safe No significant stress
80-90 27-32  Low Caution Fatigue possible with prolonged exposure and/or physical activity
90-105 32-41 Moderate Extreme Heat cramps, heat exhaustion, and heat stroke possible with
Caution prolonged exposure and/or physical activity
105-130 41-54 High Danger Heat cramps and heat exhaustion are likely. Heat stroke probable
with prolonged exposure and/or physical activity
>=130 >=54 Very high to Extreme Heat stroke is highly likely and imminent
extreme danger

HI = —42.379 + 2.04901523T + 10.14333127+RH — 0.2247554%T+RH — 6.8378%10 3« T?
— 5.48172x1072%RH? + 1.229+10 3xT2xRH + 8.528+10 *xT«xRH?> — 1.99x10 ®xT?*RH? m

where T is temperature in degrees Fahrenheit (°F) and RH is relative humidity in percent. This formulation was
developed through a multiple regression analysis of the Steadman (1979) equation for apparent temperature
(which takes into account many physiological and environmental factors) in order to adopt two commonly
used and conventional variables (i.e.,, ambient air temperature and relative humidity). Hl is thus the heat index
expressed as an apparent temperature in degrees Fahrenheit.

This full regression equation is only appropriate when the values of temperature and humidity generate HI/
greater than 80 °F (i.e., 27 °C). In this case, a number of adjustments are applied to this formula depending
on the values of temperature and relative humidity.

First, if RH is less than 13% and T is between 80 °F and 112 °F, the following adjustment is subtracted from Hi:

13 — RH T—-95
Adjustment1 : (T) * (17 — %) 2)

Second, if RH is greater than 85% and T is between 80 °F and 87 °F, the following adjustment is added to HI:

RH — 7—-T
Adjustment? : < 1085)*<8 5 ) (3)

The Rothfusz (1990) formulation (i.e., equation (1)) along with the adjustments is not appropriate when con-
ditions of temperature and humidity result in a H/ value lower than 80 °F (i.e., 27 °C). In this case, the following
formula is applied:

HI = 0.54[T + 61 + (T — 68)#1.2 ++ RHx0.094] 4)

The Hi values are calculated for each day and then used to compute seasonal averages. The seasonal values
are sorted by ranges, and a category defining the level of heat stress is assigned to each range. Table 1 sum-
marizes the different Hl ranges, the corresponding levels of heat stress (i.e., categories), and the health pro-
blems that can result from each level. The categories are classified from Safe and Caution to Extreme Danger
(i.e, Table 1), with possible health-related problems such as fatigue, heat cramps, heat exhaustion, and/or
heat stroke that can occur with prolonged exposure and/or physical activity. The HI values described above
are valid for shady locations only with light wind conditions. Exposure to sunshine and strong winds, which
often occur in West Africa, can increase heat stress. Therefore, the HI values provided here can be considered
as representing minimal effects and risk levels for the conditions of West Africa.

It should be noted that the Hl index used here and the related risk levels do not take into account heat wave
and are rather used for heat stress assessment. It has been used worldwide in a number of studies, as it shows
the highest consistency with the original equation of apparent temperature (Anderson et al., 2013). These

SYLLA ET AL.

1031



AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Earth's Future 10.1029/2018EF000873

Table 2

Summary of Discomfort Index (DI) Ranges Along With Portion of the

Population It Affects

studies include Diffenbaugh et al. (2007) focusing on the Mediterranean
region; Oleson et al. (2015) applying it for United States and Canada; Lee

DI (°C)

and Brenner (2015) employing it for the entire globe; and Ropo et al.

Population at risk (2017) focusing over London and South Africa.

=< 21
21-24
24-27
27-29
29-32
>=32

No significant heat discomfort: Safe To provide an indicator of threat to the population well-being, a simplified
Less than 50% of the population is in discomfort

More than 50% of the population is in discomfort
Most of the population is in discomfort

Severe stress: everyone feels stress

State of medical emergency DI = 0.5%T¢c + 0.5%Tw (5)

human discomfort index (hereafter referred as DI) is devised following the
formulation of Thom (1959) and Sohar et al. (1963):

where DI is the discomfort index (unitless), T¢ is the actual temperature in
degrees Celsius, and Ty is the wet bulb temperature in degrees Celsius. Also, in this case DI values are first
calculated for each day and then used to compute seasonal averages. Seasonal values are categorized into
different classes providing information on the proportion of human population at risk (see Table 2). As a sim-
plified index, the percentage attached to each range of DI should not be considered as quantitatively robust
but rather as a general indicator of increasing proportions of population feeling heat discomfort as the index
value increases. This index has also been applied in various regional climatic contexts, including Europe and
the Mediterranean area (i.e., Bartzokas et al., 2013; Giles et al., 1990; Poupkou et al.,, 2011), the Middle East
(Epstein & Moran, 2006; Ghani et al., 2017), and Africa (Bady, 2014; Yousif & Tahir, 2013).

For the purpose of HI validation, we use temperature and relative humidity fields from the National Center for
Environmental Predictions (NCEP 2.5° x 2.5° resolution; Kalnay et al., 1996) and the European Re-Analysis
Interim (ERA-Interim 1.5° X 1.5° resolution; Dee et al., 2011). To account for uncertainties in these parameters
(i.e., Diallo et al., 2012), temperature observations from the University of Delaware (UDEL v4.01; 0.5° x 0.5°
resolution; Lawrimore et al, 2011) and the Climatic Research Unit of the University of East Anglia (CRU
v4.01; 0.5° X 0.5° resolution; Harris et al., 2014) data sets are also combined with relative humidity from
NCEP and ERA-Interim. However, results based on these latter data sets are shown as supporting information
(i.e., Figures S1 and S2).

NCEP, ERA-Interim, and the combinations UDEL/NCEP and UDEL/ERA-Interim as well as CRU/NCEP and
CRU/ERA-Interim are used to assess the CORDEX experiments during the reference period, which is here
taken as 1979 through 2005 in the observation and reanalysis data sets (common to NCEP, ERA-Interim,
UDEL, and CRU) and the 30-year period when the driving GCM simulates a 0.48 °C increase of global mean
temperature compared to the preindustrial period in the model simulations (see supporting information).

Projected changes are calculated as Future (1.5 °C or 2 °C scenarios of global warming) minus Reference.
Changes in the area extent of each of the different Hl and DI categories are expressed as percent of the total
area extent of our domain of interest (i.e., Figure 1). Similarly, changes in the frequency of each Hl and DI cate-
gory are expressed as percent of the length of the year (i.e., 365 days).

3. Results
3.1. Validation

Heat stress classifications applied to the NCEP, ERA-Interim, and CORDEX ensemble during the reference per-
iod are intercompared for each season (i.e., December-January [DJF], March-May [MAM], June-August [JJA],
and September-November [SON]) in Figure 2. Results based on UDEL/NCEP, UDEL/ERA-Interim, CRU/NCEP,
and CRU/ERA-Interim are reported in Figures S1 and S2. For present-day climate, NCEP and ERA-Interim show
that most of West Africa is in safe conditions except along the Gulf of Guinea (i.e., from Cote d'lvoire to
Nigeria), where the Caution category prevails. The areas with Caution extend further north in MAM to reach
the southern Sahel and northern Sahara regions covering most of Mauritania, Mali, Niger, and Chad. Similar
conditions are found in the UDEL/NCEP, UDEL/ERA-Interim, CRU/NCEP, and CRU/ERA-Interim data sets.
During the same season, Extreme Caution conditions emerge in some portions of the countries throughout
the Gulf of Guinea, for example, Cote d'Ivoire, Ghana, and Nigeria, and also further north over the Sahel in
Burkina Faso and Chad. These conditions are more prominent in ERA-Interim. Substantial discrepancies exist
between NCEP and ERA-Interim over these regions, where the latter produces Extreme Caution conditions
along the whole northern Gulf of Guinea and southern Sahel. These conditions are more extended in
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Figure 2. Distribution of seasonal heat stress categories in the reference period for NCEP (a, d, g, and j), ERA-Interim (b, e, h, and k), and CORDEX multimodel ensem-
ble mean (c, f, i, and I). In the figure, HI stands for heat index and E-Caution is for Extreme Caution. NCEP = National Center for Environmental Predictions;
CORDEX = COordinated Regional climate Downscaling EXperiment; JJA = June-August; MAM = May-May; DJF = December-February; SON = September-November.

UDEL/NCEP, UDEL/ERA-Interim, CRU/NCEP, and CRU/ERA-Interim compared to NCEP but less extensive com-
pared to ERA-Interim. In JJA, the Sahel countries (i.e., from Senegal to Chad) and the western Sahara regions
(i.e, Mauritania and Algeria) are subject to heat stress with moderate risk levels.

Prominent differences between the NCEP and ERA-Interim combinations appear, with the former showing
only few areas with the Extreme Caution category. This raises the issue of uncertainties in the temperature
and relative humidity data and the subsequent heat indices observed over these areas. However, it is worth
noting that UDEL/NCEP, UDEL/ERA-Interim, CRU/NCEP, and CRU/ERA-Interim are more consistent to ERA-
Interim than to NCEP, indicating that the NCEP temperature values may be underestimated. In the Gulf of
Guinea and orographic regions, Safe conditions predominate in response to low temperatures offsetting
the high relative humidity. SON is characterized by a low level of risk (Caution class) in the Sahel countries
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and portions of the Gulf of Guinea, with Safe conditions around orographic regions (due to low temperatures)
and desert areas (due to low relative humidity). This is shown in the ERA-Interim, UDEL/NCEP, UDEL/ERA-
Interim, CRU/NCEP, and CRU/ERA-Interim data sets, while NCEP underestimates the risk levels.

The multimodel ensemble of CORDEX RCMs provides similar patterns of heat stress classification across the
different seasons with respect to ERA-Interim and the majority of the different data set combinations. In par-
ticular, the ensemble captures the emerging Caution level in DJF over the Gulf of Guinea, although this is
more confined along the coastlines. In addition, a hint toward the presence of Extreme Caution areas in some
countries over the Gulf of Guinea and the Sahel during MAM is reproduced but with a lower spatial extent
(more similar to NCEP). Furthermore, in JJA the multimodel ensemble simulates a northward migration
and extension of the Extreme Caution category within the range of the differences found between the
NCEP, ERA-Interim, and other combinations of data sets. Finally, the prevalence of Safe and Caution condi-
tions shows a distribution in good agreement with observations.

We also assess the interannual variability of Hl using as a metric the coefficient of variation (hereafter referred
as CV), calculated as the standard deviation divided by the mean (i.e., Figure 3) and expressed as a percentage
value. The use of the CV has the advantage of removing the dependence of the standard deviation on the
mean (Giorgi & Bi, 2005). The CV is computed for each RCM experiment, and it is then averaged across the
RCMs to obtain the multimodel ensemble mean. The largest interannual variability values shift from one
region to another depending on the season. In DJF, the highest variability from NCEP and ERA-Interim is
observed in the Sahara, while the lowest values are found in the Gulf of Guinea. In MAM, Caution and
Extreme Caution conditions in the Sahel are more persistent throughout the year, while in JJA, both
Caution and Extreme Caution conditions in the Sahel are subject to pronounced variability that can lead to
higher risk levels. In SON, the largest variability occurs in the Sahel and the Sahara desert, while the Gulf of
Guinea experiences more persistent HI conditions. The multimodel ensemble mean reproduces reasonably
well the observed spatial distribution of the CV, providing values that are within the range of the NCEP
and ERA-Interim reanalysis, although with a slight underestimation in SON over some portions of Nigeria.
In summary, considering both the climatology and the interannual variability of HI, it is assessed that the per-
formance of the CORDEX multimodel ensemble mean in simulating mean and variability of this index, along
with the resulting heat stress classes, is acceptable.

In general, it is evident from the climatology that during the reference period West Africa does not experience
significant dangerous and/or extremely dangerous heat stress (i.e.,, Danger and/or Extreme Danger classes).
The highest risk level occurring in the reference period over the region is Extreme Caution in MAM and JJA
with a CV lying between 4% and 6% of the mean. How these categories shift, extend, and possibly intensify
in future climate conditions under the 1.5 °C and 2 °C global warming scenarios is examined in the
next section.

3.2. Projected Changes in Heat Stress and Human Discomfort Classification

Projected changes (1.5 °C or 2 °C minus reference) indicate a general increase of HI and DI values across the
whole region and all seasons (see also Figures S3 and S4). Such increases are statistically significant at the
95% confidence level. While for DI the largest changes occur in the Sahara desert and the Sahel for all sea-
sons, in the case of HI, they are located over the Sahara in DJF, the Gulf of Guinea in MAM, and along the
southern Gulf of Guinea and the Sahel in JJA and SON. The differences between the changes in the 1.5 °C
and 2 °C warming scenarios range between 6% and 10% and are statistically significant at the 95% confi-
dence level. This implies that heat stress risk levels may be higher and/or will be more spatially extended
compared to the reference period and that reducing the global warming by 0.5 °C can decrease the stress
risk by as much as 10%.

To further investigate this issue, seasonal heat stress values for the reference period and the 1.5 °C and 2 °C
global warming scenarios are shown in Figure 4. In DJF, compared to the reference period, the multimodel
ensemble projects for both scenarios a small extension of the Caution areas further in the northern Gulf of
Guinea and along the coastlines reaching southern Senegal. The areas with moderate risk level for the
Extreme Caution category considerably broaden in MAM to cover the whole Gulf of Guinea and most of
the Sahel countries but not reaching the orographic zones of the Guinea highlands, Cameroon Mountains,
and Joss Plateau (probably because of small temperature and humidity changes). In these latter zones,
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Figure 3. Distribution of seasonal coefficient of variation (i.e., CV) of the Hl in the reference period for NCEP (a, d, g, and j), ERA-Interim (b, e, h, and k), and CORDEX
multimodel ensemble mean (c, f, i, and ). In the figure, HI stands for heat index and E-Caution is for Extreme Caution. Units are in percent of the corresponding
mean values. NCEP = National Center for Environmental Predictions; CORDEX = COordinated Regional climate Downscaling EXperiment; JJA = June-August;
MAM = May-May; DJF = December-February; SON = September-November.

Caution conditions prevail. In JJA, the multimodel ensemble projects a recession of Safe conditions, which are
now confined around orographic regions, a southward shift of the areas with the Caution category covering
the whole Gulf of Guinea and more extensive zones with Extreme Caution encompassing most of the Sahel
and the Sahara desert. In SON, Caution conditions are more common for both scenarios but a small area of
Extreme Caution level emerges in Senegal and extends eastward.

In general, across the different seasons (except in DJF), the extension of areas in the Extreme Caution class is
greater in the 2 °C than in the 1.5 °C global warming scenario. This implies that heat cramps, heat exhaustion,
and heat stroke can occur with prolonged exposure and/or physical activity in both scenarios but with the
2 °C scenario having a larger influence. These risks become more common in the Sahel (i.e., Senegal, Mali,
Burkina Faso, Niger, and Chad) and the Gulf of Guinea (i.e., Cote d'lvoire, Ghana, Nigeria) during MAM, over
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Figure 4. Distribution of seasonal heat stress categories from CORDEX multimodel ensemble mean for the reference period (a, d, g, and j), for the 1.5 °C global warm-
ing scenario (b, e, h, and k), and for the 2 °C global warming scenario (c, f, i, and I). In the figure, HI stands for heat index and E-Caution is for Extreme Caution.
CORDEX = COordinated Regional climate Downscaling EXperiment; JJA = June-August; MAM = May-May; DJF = December-February; SON = September-November.

most of the Sahel (i.e., Senegal, Mali, Burkina Faso, Niger, and Chad) and the Sahara desert (Mauritania,
Algeria, and Libya) during JJA, and over Senegal, central Mali, and southern Niger in SON. It is thus evident
that countries such as Senegal, Mali, Niger, and to a lesser extent Burkina Faso and Chad are more exposed
to increased heat-related occupational health and safety risks.

Although the analysis above indicates an increased risk toward the occurrence of more heat-related illness, it
does not provide insights about the proportion of the population at risk. Figure 5 presents the reference and
projected human DI under both global warming targets. During the reference period and across the seasons,
Safe HI conditions overlap with areas with no heat discomfort. Similarly, the Caution category mostly overlaps
with regions where less than 50% (L50) of the population is in discomfort. The Extreme Caution heat class
mostly overlaps with regions where more than 50% (M50) of the population experiences heat discomfort,
where however the M50 regions are more spatially extended. For example, in MAM they concern
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Figure 5. Distribution of seasonal discomfort categories from CORDEX multimodel ensemble mean for the reference period (a, d, g, and j), for the 1.5 °C global warm-
ing scenario (b, e, h, and k), and for the 2 °C global warming scenario (c, f, i, and I). In the figure, DI stands for discomfort index, L50 is less than 50% of population is at
discomfort, M50 is more than 50% of population is at discomfort, and MP is most of the population is at discomfort. CORDEX = COordinated Regional climate
Downscaling EXperiment; JJA = June-August; MAM = May-May; DJF = December-February; SON = September-November.

populations from the Gulf of Guinea to the southern Sahel as well as the coastlines of the Guinea highlands,
thus hitting countries such as Sierra Leone, Cote d’lvoire, Ghana, Nigeria, and Burkina Faso. In JJA these con-
ditions are more limited to countries along the Sahel band and western Sahara including Senegal, Mauritania,
Mali, and Niger. Both in the 1.5 °C and 2 °C global warming scenarios population at risk increases along the
coastlines of the Gulf of Guinea in DJF, where more than 50% of local population is projected to experience
heat discomfort. During MAM, this M50 is widespread over the Gulf of Guinea and southern Sahel states as a
result of the occurrences of heat stress classified as Extreme Caution. In JJA, two DI classes are prominent. In
northern Sahel and western Sahara, for both scenarios, the proportion of population at risk increases from
more than 50% to almost everyone (most of the population is at discomfort), implying that most people in
these regions are vulnerable to heat-related pathologies during strenuous activity or prolonged exposure.
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Figure 6. Change (global warming scenario minus reference period) in the fractional area extent occupied by each of the heat stress (a, b) and discomfort (c, d)
categories for the 1.5 °C (a, ¢) and 2 °C (b, d) global warming scenarios from CORDEX multimodel ensemble means. Changes are expressed as percent of total area
extent (i.e., Figure 1). In the figure, HI stands for heat index, DI stands for discomfort index, E-Caution is Extreme Caution, L50 is less than 50% of population is at
discomfort, M50 is more than 50% of population is at discomfort, and MP is most of the population is at discomfort. The black dots denote the multimodel ensemble means,
and the different percentiles depicted in each box-and-whisker are, respectively, the ensemble 95th, 75th, 50th (i.e,, the median), 25th, and 5th percentiles.

CORDEX = COordinated Regional climate Downscaling EXperiment; JJA = June-August; MAM = May-May; DJF = December-February; SON = September-November.

In all other regions of West Africa except over orographic zones, the projections indicate that these heat
stress-related illnesses threaten more than 50% of population. Similar conditions are projected in the Sahel
(i.e., Senegal) and the Gulf of Guinea (Cote d'lvoire, Ghana, and Nigeria) during SON.

In general, while both scenarios indicate increased levels of threat to local population compared to the refer-
ence period, the areal coverage is wider in the 2 °C global warming scenario. For instance, in JJA, areas where
most populations are at risk extend to Senegal and Chad and include wider regions in Niger and Mauritania in
the 2 °C compared to the 1.5 °C global warming scenario. Also in MAM and SON, the zones at risk for more
than 50% of the population stretch northward and eastward in the Sahel.

Supporting Information Figures S7-S10 show the 25th and 75th percentiles of the model ensemble for both
the Hl and DI classes. They show categories of heat stress and discomfort level that are in line with the ensem-
ble mean. As can be seen, the categories are the same in the ensemble mean and interquartile range,
although the area extents of the higher risk levels are substantially larger in the 75th percentile than in the
25th percentile and the ensemble mean. This indicates that the projected heat stress and related risk levels
as well as proportion of human population in heat discomfort are consistent among the RCM experiments
and that the uncertainty is only related to their areal coverage.

For a more quantitative assessment of the projected areal extents of heat stress conditions, and of the uncer-
tainty across the different RCMs, Figure 6 shows the seasonal mean changes and intermodel spread for each
HI and DI class as box-and-whisker plots for the different global warming scenarios. In the 1.5 °C scenario, the
most prominent feature is a reduction in area extent of heat indices that warrant Safe conditions, with the lar-
gest changes (—20% compared to the total area of the domain of interest) occurring in SON. Also the area
extent of the Caution category is projected to decrease, especially in MAM and SON, at the expenses of a lim-
ited increase (~7% of total area) in areal coverage of the heat stress class Caution in DJF, a relatively substantial
extension of areas with heat stress risk level Extreme Caution in MAM (~12% of total area) and in JJA (~15% of
total area) and a stretching of both Caution (17% of total area) and Extreme Caution (5% of total area) category
zones in SON. The 2 °C global warming scenario shows similar features, but the changes are substantially lar-
ger. For example, the decreased areal coverage of Safe conditions is about 27% in SON while the areal exten-
sion of Extreme Caution level in MAM, JJA, and SON reaches, 20%, 25%, and 10% of the total area, respectively.
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Figure 7. Change (global warming scenario minus reference period) in the frequency of each of the heat stress category for the 1.5 °C (a, ¢, and e) and 2 °C (b, d, and f)
global warming scenarios from CORDEX multimodel ensemble means. Changes are expressed as a percent of the length of the year (i.e., 365 days). Dotted areas are
where 75% of the RCMs agree in the sign of the changes. In the figure, HI stands for heat index and E-Caution is for Extreme Caution. CORDEX = COordinated Regional
climate Downscaling EXperiment; RCMs = regional climate models; JJA = June-August; MAM = May-May; DJF = December-February; SON = September-November.

Concerning the DI, in both scenarios no noticeable changes occur in DJF, while an extension of areal cov-
erage for regions where more than 50% of the population is in discomfort is projected in MAM, JJA, and
SON. The changes are about 10% for 1.5 °C and 15% to 19% of the total area for the 2 °C. The area extent
where less than 50% of population is at risk shows no changes (i.e, in DJF and SON) or some slight
decreases (i.e, MAM and JJA). It is noted that, consistent to Figure 4, the extension of regions where more
than 50% of population is in discomfort closely follows that of the Extreme Caution category of heat
stress. Another notable feature is the appearance of zones in JJA where most of the population feels
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Figure 8. Change (global warming scenario minus reference period) in the frequency of each of the discomfort cate-
gory for the 1.5 °C (a, ¢, e, and g) and 2 °C (b, d, f, and h) global warming scenarios from CORDEX multimodel
ensemble mean. Changes are expressed as a percent of the length of the year (i.e,, 365 days). Dotted areas are where
75% of the RCMs agree in the sign of the changes. In the figure, DI stands for discomfort index, L50 is less than 50% of
population is at discomfort, M50 is more than 50% of population is at discomfort, MP is most of the population is at
discomfort, and SS is Severe State where everyone is at discomfort. CORDEX = COordinated Regional climate Downscaling
EXperiment; RCMs = regional climate models.

discomfort that was not present during the reference period. These regions cover about 7% and 12% of
total area, respectively, for the 1.5 °C and 2 °C scenarios of global warming. Therefore, global warming,
even when limited to 1.5 °C, puts a higher proportion of human population at risk of heat-related
occupational illnesses and injuries over West Africa.
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The uncertainty analysis reveals similar characteristics for the Hl and DI indices. The interquartile ranges are
larger in MAM and JJA and in the 2 °C compared to the 1.5 °C scenario. This suggests that, as temperature
increases seasonally (in MAM and JJA compared to DJF and SON) and global warming intensifies (from
1.5 °C to 2 °C), the range of regional responses of the individual CORDEX models tends to increase.
However, it is noted that the sign of the ensemble median as well as that of the lower (25th percentile)
and upper (75th percentile) quartiles mostly follows the mean changes, implying robustness in the results.

It should be emphasized that, although some heat stress (Danger and Extreme Danger) and discomfort
(Severe stress and State of medical emergency) classes do not appear in the climatology of the indices, it
is not excluded that they might occur on individual days, both in the reference period and in the scenarios.
The frequencies of days in different categories are thus analyzed in the following section.

3.3. Projected Changes in the Frequency of Heat Stress Categories and Population at Risk

Changes in the frequency of each of the heat stress categories in both 1.5 °C and 2 °C global warming sce-
narios are shown in Figure 7. The frequency of days in the Caution category is projected to decrease by
about 4% to 10% (of the length of the year) in Western Sahara and northern Sahel and to increase by about
6% to 15% in the southern Sahel and the Gulf of Guinea, with the 2 °C scenario providing the largest
changes. The number of days with a heat stress level of Extreme Caution generally increases throughout
West Africa, with the most substantial changes (up to 15% and 20% in the 1.5 °C and 2 °scenarios respec-
tively) along the Sahel and few regions in the Gulf of Guinea. These more frequent and severe heat stress
conditions affect thus countries such as Senegal, Mali, Burkina Faso, and few regions in southern Niger,
northern Ghana, southern Cote d'lvoire, and western Nigeria. Of particular interest is the occurrence and
lengthening (up to 2% to 4% of the length of the year) of the severe heat stress of category Danger over
most of the Sahel and the Sahara desert. Although both scenarios project similar magnitudes for this high
risk level, the largest changes are more spatially extended in the 2 °C scenario impacting countries such as
Senegal, Mali, Burkina, Niger, and Chad.

The projected changes for discomfort level and proportion of affected population are presented in Figure 8.
The occurrence of days with less than 50% of the population in discomfort generally decreases throughout
West Africa (except over the mountain peaks). The largest decreases of about 20% to 25% are projected in
the Gulf of Guinea and in the 2 °C scenario. Consistently, with this decrease in comfort conditions, an
increased frequency of days with more than 50% of the population at risk is projected over the same regions.
In general, global warming produces more days in which most of the populations are in discomfort across
West Africa. These days become more frequent along the Sahel band and portions of the Gulf of Guinea,
where increases in their frequency range from 10% to 15% of the length of the year. These changes are asso-
ciated with more occurrences of the Extreme Caution heat stress category.

Finally, days with severe stress during which everyone feels heat discomfort emerge and become more pre-
valent in almost all West Africa, except around orographic regions. While in the 1.5 °C global warming sce-
nario the largest increases are limited to 4%, in the 2 °C scenario they reach 6% to 10% of the length of
the year and affect countries such as Senegal, Mali, Burkina Faso, Niger, and Chad. This means that an increase
of up to 36 (15) days during which the entire population feels heat discomfort is projected under the 2 °C
(1.5 °C) global warming scenario.

4. Conclusion and Discussion

Climate change is considered as one of the main challenges for environmental and developmental issues in
Africa, putting directly human health and productivity at risk through occupational heat stress. Over West
Africa, information is lacking on the extent of future heat stress and its consequences, especially in occupa-
tional settings. In this study, we employ a heat index combined with a simplified human DI to assess pro-
jected changes in heat stress severity and spatial extension along with the proportion of population that is
at risk. In line with the Paris Agreement, we consider two global warming scenarios: 1.5 °C and 2 °C global
temperature increase compared to the preindustrial period, where these scenarios are extracted from an
ensemble of CORDEX-Africa RCM projections.

The results first show that the multimodel ensemble of CORDEX RCMs reproduces reasonably well the occur-
rence and spatial extent of the different heat stress categories across the different seasons. Few discrepancies
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exist between the combinations of observed temperature and humidity data sets used to validate the simu-
lations, and the CORDEX ensemble provides values mostly within the range of these data sets.

Projected heat stress classifications under the 2 °C warming scenario compared to the reference period
show that while the Caution category still prevails in DJF, the Extreme Caution class substantially extends
to cover the Gulf of Guinea and the Sahel in MAM (up to 20% of total area), the Sahel and Sahara desert
in JJA (up to 25% of total area), and only the Sahel band in SON (up to 10% of total area). These expan-
sions occur at the expenses of the Caution and Safe categories that decrease by up to 10% to 27% of the
total domain area. In the 1.5 °C global warming scenario these area extents are limited to 12%, 15%, and
5% of total domain area.

Similarly, projected human discomfort measured by the proportion of population at risk shifts from less than
50% to more than 50% over most of West Africa, in line with the Extreme Caution heat stress category. These
changes in the area extent range from 15% to 19% (for different seasons) for the 2 °C scenario versus 10% to
12% for the 1.5 °C scenario. It is noted that a high risk level of human discomfort (i.e., most of the population
feels heat discomfort) that did not exist in the reference period emerges in the Sahel and the western Sahara
in both global warming scenarios. Therefore, due to the extension of the heat stress category Extreme
Caution, most of the population in the region is expected to become vulnerable to possible heat cramp,
exhaustion, and/or heat stroke during physical activity or prolonged exposure. It should be emphasized that
for both indices, the sign of the median, upper, and lower quartiles closely follows that of the corresponding
mean changes. This suggests that most of the RCMs agree in the direction of changes of spatial extent for the
different heat stress and human discomfort categories, thus implying more robust results. Changes in areal
extent are generally larger in the 2 °C than in the 1.5 °C scenario and are largely due to a substantial increase
of temperature combined with a slight decrease of relative humidity.

Changes in the frequency (i.e., number of days) of each of the different heat stress categories are also ana-
lyzed. Of notable interest is the increased frequency (up to 20% of the length of the year) in the occurrences
of Extreme Caution category in almost all West Africa and the appearance and increasing number (up to 2%
to 4% of the length of the year) of days with the more severe heat stress of category Danger affecting mostly
the Sahel and the Sahara desert. Consistent with these changes, the number of days with more than 50% of
population at risk substantially increases in the Gulf of Guinea and decreases in the Sahel and western Sahara.
It is shown that such changes are consequences of more frequent and recurrent occurrences of days (up to
10% of the length of the year) where most of population or everyone is at risk. These conditions concern
countries such Senegal, Mauritania, Mali, Burkina Faso, Niger, and Chad and are generally more frequent in
the 2 °C than in the 1.5 °C scenario.

From these results it is evident that population in West Africa will face unprecedented heat discomfort even
in the case of the Paris global warming scenario targets. This discomfort would of course be much more
severe and extended if these targets were to be exceeded. Exposure to direct sunlight and stronger winds
can increase the level of risk (Rothfusz, 1990; Steadman, 1979), indicating that the most vulnerable people
to heat-related illnesses are workers who spend a substantial portion of the shift outdoors and those who
work in hot and humid environment indoors. They include agricultural workers, miners, fishermen,
construction/building workers, electricians, landscapers, ground maintenance, and factory workers
(Bourbonnais et al., 2013; Lucas et al.,, 2014). Considering the agriculture sector as an example, it employs
60% of the active labor force and accounts for 35% of the gross domestic product in West Africa (Mensah
et al, 2016). Therefore, the projected heat stress threatening the workers health can reduce productivity
and undermine the region’s economic development.

It should be noted that not everyone reacts to the heat stress in the same way. The response differs from per-
son to person depending on medical condition, level of fitness, body weight, age, and economic situation
(National Institute for Occupational Safety and Health, 2016). In any case, protective measures need to be
implemented to mitigate and to adapt to the projected heat stress, even under the Paris scenario targets.
These can be either engineering and/or work practice controls designed to decrease heat stress.
Engineering control measures consist of implementing cooling systems, air conditioning, using reflective
or heat-absorbing shielding or barriers and reducing steam leaks, wetness, and humidity. Work practice con-
trol measures include acclimatization, hydration, and decrease of metabolic demands of activities through
regular and longer breaks or rescheduling of activities to cooler period of the day.
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