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Abstract: This study analyzes the potential response of the seasonal cycle of heatwave (HWDI), dry (CDD) and
wet (CWD) spells indices over West Africa for the near (2031-2060) and the far (2071-2100) future periods,
under RCP4.5 and RCP8.5 scenarios using CORDEX simulations. Although some relative biases during the
historical period (1976-2005), the CORDEX simulations and their ensemble mean outperform the seasonal
variability of the above indices over three defined sub-regions of West Africa (i.e., Guinea gulf, west and east
Sahel). They have shown significant correlation coefficients and less RMSE. They project an increase in
heatwave days for both near and far future periods over whole west Africa region under both RCP scenarios.
In addition, the Sahel regions will face to a decrease in wet spells days from March to November, whereas, the
Gulf of Guinea will face to a decrease during all the year, except CCCLM simulation which indicates an increase
during the retreat phase of the monsoon (October to December). The results also have shown an increase in
dry spells over Sahel regions, more pronounced during March-November period, whereas, over Guinea gulf,
the increase is observed over the entire year. On the other hand, the months of increasing dry spells and
decreasing wet spells coincide, suggesting that countries in these regions could be exposed simultaneously to
dry season associated with a high risk of drought and heatwave under future climate conditions.

Keywords: heatwave; dry and wet spells; CORDEX; RCP4.5; RCP8.5; West Africa

1. Introduction

West Africa is one of the most impacted regions by the effects of climate change, due to its
vulnerability, the poor economy, and low capacity of adaptation [1-3]. Consequently, the survival of
many sectors of activities (i.e., agriculture, transportation, infrastructure, etc.) depends on the advent
of climate change. IPCC’s framework recommendations stipulate that governments, non-
governmental organizations (NGOs) and stakeholders must take appropriate decisions to reduce
greenhouse gas emissions in order to minimize their effects in response to the global warming.
Indeed, the manifestation of climate change is especially caused by the advent of climate extremes of
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which heatwave, dry and wet spells are considered among the most dangerous in terms of dramatic
impacts on the health of humans and natural ecosystems as well as on anthropogenic activities like
infrastructures and economy [4]. For example, exceptional or abnormal values of temperature
recorded over a region or area during at least three consecutive days can be considered as a heatwave.
Furthermore, when the same region or area is faced to a long dry spell, this can cause a risk of
drought. Finally, while at the same time, over the same region, wet spells occur, this can enhance
flooding and humidity. Therefore, human heath, anthropogenic activities and the environment are
in danger.

Several studies have revealed the drawback of heatwave worldwide, in particular in Asia [5], in
Middle East [6], in Europe [7-9], in France [10,11], in Russia [7,12], in Africa [13], and in west Africa
[14-16], causing important damages, loss of life and decrease of the economy. Unfortunately,
heatwaves, dry and wet spells as well as other climate extremes are projected to increase in intensity,
duration and frequency worldwide [17-18] and in some extent with different magnitude or intensity
from an area to another [19]. Heatwaves are generally lethal phenomena, but if they are combined
with the effects of humidity, they are more dangerous [19,20]. In the same vein, [21] underlined that
hot and humid conditions such are prevailing in coastal regions can be more dangerous than
equivalently hot but dry conditions [4]. Consequently, heatwaves can be classified into two
categories: wet heatwaves which are the most dangerous for human health and humid heatwaves
[19-20,4]. Thus, heatwaves are generally defined as consecutive days of extremely hot temperatures
which exceed thresholds of temperature and span consecutive days [5,22]. However, this definition
is not universal because of the dependance of heatwave on many factors such are: the research
application or activities sectors (health, infrastructure, agriculture), the geographic and climatic
conditions and the thresholds, etc., [23,24].

Hence, heatwaves do not have a unique definition and occur during a certain period of at least
three or six consecutive days. On the other hand, the study of heatwave is not documented over the
region of west Africa as well. Moreover, studies implying heatwaves did not analyzed the
phenomenon with other climates extremes. This study aims to provide a comprehensive analysis of
heatwaves and dry and wet spells over west Africa. Toward this end, the work consists to evaluate
the strength of the CORDEX simulations and their ensemble mean in capturing the seasonal cycle of
heatwaves and wet and dry spells under the present climate conditions with the observation from
Climate Prediction Center (CPC) as reference; then to analyze the projected changes in their seasonal
cycles over two future periods with respect to the present climate mean, using CORDEX simulations
and their ensemble mean. The paper is organized as follows. First, we describe the materials and
methods in section 2. This part includes detailed information about the study domain, the data and
the methods with a brief description of the defined Experts Team Climate Change Detection and
Indices (ETCCDI) indices related to heatwave, wet and dry spells. Results and discussion are
presented in section 3, followed by the summary and conclusions in section 4.

2. Materials and Methods

2.1 Study domain

This study is conducted over West Africa domain (5°-15° N, 15°W-15° E) subdivided into three
sub-regions, coherent with [25]: the Western Sahel and the Eastern Sahel, located in the Sahel area
and the Gulf of Guinea in the border of the Atlantic Ocean Figure 1. The identification of these sub-
regions is based on their location, the climate variability, and other physical features like the
ecosystem, the elevation and the soil occupation. Indeed, the West Africa region shows high climate
variability at a regional and local scale [26]. This climate is mostly influenced by the West African
monsoon flux, which governs the rainy season and thus the rain-fed agriculture [26]. This region has
a semi-arid and hot climate with a dry season, corresponding to an alternation between a short-wet
season and a very long dry-season [4].
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Figure 1. Map displaying the three subregions with color scale showing the elevation over west
Africa.

2.2 Data

In this study, we used simulated daily precipitation and maximum temperature outputs (Table
1) from an ensemble of four (04) Coordinated Regional Climate Downscaling Experiment (CORDEX)
RCMs [27-29] available on the Earth System Grid Federation (ESGF) website (https://esg-
dnl.nsc.liu.se/projects/esgf-liu/) at 0.44° (~50 km) of resolution (Table 2). The data spans the historical
period (1950-2005) and the future period (2006-2100) under RCP4.5 and RCP8.5 scenarios [31-33].
These simulations are performed over a domain covering the whole Africa. However, our domain of
interest in this study is west Africa (see Figure 1). CORDEX simulations are useful to provide climatic
information using several meteorological parameters (i.e., temperature, rainfall, wind speed, etc.) and
many extreme events (i.e., heat waves, dry spells, etc.) over a specific region (i.e., Africa) at many
time scales [33-35]. We also used the gridded gauge-based global daily precipitation and maximum
temperature of Climate Prediction Center (CPC) observation at 0.5° (~50 km) resolution from 1979 to
present [36-37]. This dataset enabled us to evaluate the performance of the CORDEX simulations
Table 1.

Table 1. List of the different data (CORDEX simulations and observation CPC) with their resolutions
and periods

Variables Horizontal Scenarios
Simulations/Observation Resolution/Period
4 CORDEX! simulations Maximum 0,44° (=50 Km)
1 Observation (CPC)! temperature 1950-2005 -SRCP4.5
Precipitation 2006-2100 -RCP8.5

1979-present
1 CPC: Climate Prediction Center '/ 2CORDEX: Coordinated Downscaling Experiment / SRCP: Representative
Concentration Pathway.
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The list of details CORDEX simulations composed by the regional Climate and global climate
models are consigned in the Table 2. In the paper, we used a special denotation (in bold) of the
CORDEX simulations composed by the RCM and the GCM in the column 3 of the Table 2.

Table 2. The details of the CORDEX simulations composed by the RCMs and the GCMs used as

boundary data.
IRCMs 2GCMs Denotation
CCCma-CanRCM4 CanESM?2 CCCMA
SMHI-RCA4 CNRM-CM5 RCA
DMI-HIRHAMS5 EC-EARTH-r3 HIRHAM
CLMcom-CCLM4-8-17 MPI-ESM-LR CCLM

! RCMs: Regional Climate Models ! / 2GCMs: Global Climate Models/ CCCMA: CCCma-CanRCM4 and
CanESM2; RCA: SMHI-RCA4 and CNRM-CM5; HIRHAM: DMI-HIRHAM5 and EC-EARTH-r3; CCLM:
CLMcom-CCLM4-8-17 and MPI-ESM-LR.

2.3. Methods

2.3.1. HWDI, CWD and CDD indices calculation

In this study, we calculated three climate indicators defined by the Expert Team of Climate
Change Detection and Indices ETCCDI, which are: the Consecutive Dry Days (CDD), the Consecutive
Wet Days (CWD) and the Heat Wave Duration Index (HWDI). These indices describe dry and wet
spells and heatwaves duration and number [38-39].

Table 3. ETCCDI indices used in the study [39-40].

Type of index Symbol Expression Unit
CDDt CDD (R; < 1 mm) day
Precipitation =~ CWD? CWD (R; > 1 mm) day

Temperature = HWDI?  HWDI: Ty; > Txg, in an interval of at least three day

(03) consecutive days
1 CDD: Consecutive Dry Days/2CWD: Consecutive Wet Days/ *(HWDI: Heatwave Days Index.

e  CDD (Consecutive Dry Days) is the greatest length of consecutive days when precipitation
amount is less than 1 mm/day. This is an indicator of dry spells (day) and drought. A further
variable is the number of consecutive dry days periods in given time period with more than 5
days;

o  CWD (Consecutive Wet Days) is the greatest length of consecutive days when precipitation
amount is greater than 1 mm/day. A further variable is the number of consecutive wet periods
in given time period with more than 5 days;

e  HWDI (Heatwave Duration Index) is the maximum period of at least three (or six) consecutive
days where daily maximum temperature is above the mean of daily maximum temperature
during the period 1976-2005 + 5°C [42]. A further output variable is the number of heatwaves
longer than or equal to three (or six) days. The mean of the daily maximum temperature during
the period 1976-2005 is calculated during a five-day window centered on each calendar day,
taken as the climate reference period.
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CDD, CWD and HWDI indices are calculated on the grid of each simulation, then interpolated
on a common regular grid (0.5X0.5) degree of resolution using the bilinear interpolation to enable the
use of the multi-model ensemble (MME) approach. This approach consists to calculate the mean of
an ensemble of simulations to reduce uncertainties existing between them [43-48], using the equation
1):

MME = % N . Simulation; 1)

where Simulation; represents each simulation and N, the number of simulations.

2.3.2. Evaluation of the simulations’ skill in representing the indices

The simulations’ skill in capturing the variability of the annual cycle of CDD, CWD and HWDI
is assessed for a better identification of their respective strengths and weaknesses [46,47]. This technic
is performed using the Taylor diagram [48,49] showing three statistical quantities: the correlation
coefficient (CC), the centered root-mean-square error (RMSE) and the amplitude of the variations
represented by their standard deviation (SD). The aim is to identify the strengths and weakness of
the different simulations through an easy and straightforward visual comparison [47,46]. In this
study, the CORDEX simulations are compared to the unified gauge precipitation (CPC) to highlight
their ability to reproduce the indices CDD, CWD and HWDI over the three sub-regions of west Africa
during the historical period 1976-2005.

2.3.3. Climate change signal

Climate change signal is evaluated using projected data under RCP4.5 and RCP8.5 scenarios and
historic data 1976-2005 to get insight the climate modification in the future. Changes are estimated in
percentage (%) with respect to the historical mean period 1976-2005 used as reference. For this end,
two future periods of thirty (30) years are considered, namely, the near-future 2031-2060 and the far-
future 2071-2100 to get a more details description of the future climate, taking into account to its
evolution [50-53]. The climate change signal is evaluated using the equations (2) or (3):

projection—reference

Climate change signal (%) = *100 (2)

reference

Climate change signal = projection — reference 3)
where projection denotes the mean value of the variable (index) over a future period (2031-2060 or
2071-2100) and reference is the mean value of the variable (index) over the historical period (1976-
2005).

3. Results and discussion

3.1. Historical season cycle of CDD, CWD and HWDI indices over the different sub-regions of west Africa

In this paragraph, the annual cycles of the different indices (CDD, CWD and HWDI) over the
three sub-regions (west Sahel, east Sahel and guinea gulf) of west Africa domain are analyzed using
the observation (CPC) and the four CORDEX simulations. The annual cycles derived from the
CORDEX simulations are then compared to the observation (CPC) to highlight the accuracy of the
simulations to outperform the annual cycle.

3.1.1. CDD and number of CDD index

Figure 2 presents the annual cycle variability of CDD and number of CDD over the tree sub-
regions of west Africa. CDD and number of CDD present the same variability during a year over the
different sub-regions as shown by CPC as well as the CORDEX simulations. The period from
November to March is characterized by a longer dry spells (about 30 days) and the occurrence of the
maximum number of dry spells (about 2 days), whereas, the period of May-September shows a
shorter dry spell (about 10 days) with a relatively a smaller number of dry spells occurrence over the
whole west Africa region. The period of May-September is considered as the Monsoon season in the

do0i:10.20944/preprints202307.1925.v1
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Sahel regions (west and east) with a less occurrence of dry spells, whereas, the period April-October
is denoted as the monsoon season in the gulf Guinea region as revealed by previous studies [53-54].
Over all, the annual cycle of CDD is well captured by the CORDEX simulations over all the three sub-
regions of west Africa, which is consistent with the results found by other authors like [55], over west
Africa and [56], over central Africa who pointed out the accuracy of CORDEX simulations in
capturing the annual cycle of CDD.
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Figure 2. Seasonal cycle variability of CDD (left) and number of CDD (right) over the different sub-

regions as shown by the observation (CPC) and the CORDEX simulations.

3.1.2. CWD and number of CWD index

The annual cycle variability of CWD and number of CWD over the tree sub-regions of west
Africa is presented in the Figure 3. CWD and number of CWD present a bimodal variability during
the year over the three sub-regions of west Africa with an overestimation by the CORDEX
simulations during the period from March to November. Canadian simulation denoted as CCCMA
overestimates CWD much more than the other simulations, whereas HIRHAM simulates CWD closer
than the other models, compared to the observation CPC.
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Figure 3. Same as Figure 2; but for CWD (left) and number of CWD (right).

3.1.3. HWDI and number of HWDI index

Figure 4 shows the variability of the annual cycle of HWDI and number of HWDI in each west
African sub-region. HWDI and number of HWDI present the same seasonal cycle over each sub-
region of west Africa. Over east Sahel, the seasonal variability of HWDI and number of HWDI present
three peaks in February, June and November. The western Sahel presents two peaks in the months
of March and May. In contrast, the seasonal cycle of HWDI and number of HWDI observed in the
Gulf of Guinea sub-region shows a marked peak in April. Overall, the seasonal variability of HWDI
is well captured by the CORDEX simulations and their ensemble mean over the three sub-regions of
west Africa, although some biases Figure 4.
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Figure 4. Same as Figure 2 and 3; but for HWDI (left) and number of HWDI (right).

3.2 Validation of the CORDEX simulations in replicating CDD, CWD and HWDI over West Africa
subregions

Figures 5-7 show the performance of the CORDEX simulations in simulating the seasonal cycle
of HWDI, CDD and CWD over the three sub-regions of west Africa using the Taylor diagram during
the period 1979-2005 in comparison with the observation CPC referred as reference. The different
CORDEX simulations are characterized by different colored dots as referred on the legend (Figures
5-7). The green circles centered at the reference point represent loci of constant RMS distance and the
circles centered at the origin represent loci of constant standard deviation. Correlation is represented
as cosine of the angle from the X-axis. Models with as much variance as observation, largest
correlation and least RMS error are considered best performers on the Taylor diagram [58].

3.2.1CDD

Figure 5 shows the Taylor diagram of CDD and number of CDD over the three regions of west
Africa. During the period 1976-2005, all the CORDEX simulations overestimate the annual cycle of
CDD and number of CDD over West Africa with almost the same standard deviation but different
Root Means Squared difference (RMS). CORDEX simulations have the correct standard deviation
capturing the number of CDD over west Sahel and Gulf of Guinea Figure 5. Indeed, the pattern
variations of the number of CDD are of the right amplitude over west Sahel and Gulf of Guinea with
MME and RCA being the best performer of number of CDD over these sub-regions. These
simulations, respectively have 0.97 and 0.99 correlation coefficients; CCLM simulation is the best
performer over east Sahel with 0.9 correlation coefficient. Canadian simulation CCCMA is the poorer
performing simulation with 0.9, 0.5 and 0.7 correlation coefficients over Gulf of Guinea, East Sahel
and West Sahel, respectively in capturing number of CDD. Nevertheless, MME is the best performer
of CDD over Gulf of Guinea sub-region with more than 0.99 correlation coefficient, whereas, RCA is
the best performer of CDD over East and West Sahel with more than 0.99 correlation coefficient. These
results are in line with Klutse et al., (2015).
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Figure 5. Taylor diagrams displaying a statistical comparison of CORDEX simulations and the
observation CPC for CDD and number of CDD during the historical period (19760-2005) over Guinea
Gulf (GG), East Sahel (ES) and West Sahel (WS).

3.22.CWD

The Taylor diagram of CWD and number of CWD is presented in Figure 6. For each sub-region
of west Africa, CORDEX simulations almost present the same Standard Deviation (5D) and Root
Mean Square Difference (RMS) with an important value of correlation coefficients greater or egal to
0.6 in representing CWD and number of CWD, except HIRHAM over Gulf of Guinea sub-region with
anegative correlation coefficient Figure 6. Furthermore, HIRHAM simulation outperforms CWD and
number of CWD over East Sahel, whereas, CCLM, MME, and RCA outperform CWD and number of
CWD over Gulf of Guinea and West Sahel. Other all, the CORDEX simulations overestimate the CWD
and the number of CWD over whole West Africa region. These results collaborate with Nikulin et al.
(2012) who underlined that most of the CORDEX simulations overestimate precipitation over Africa
although some biases depending on region, season, and evaluation metric.

3.2.3. HWDI

As CDD and CWD indices, CORDEX simulations reproduce HWDI and number of HWDI with
the same standard deviation over West Africa. However, the amplitude of variation is well captured
by the CORDEX simulations over East and West Sahel, whereas an overestimation of HWDI and
number of HWDI is observed over Gulf of Guinea sub-region during 1976-2005 period. In addition,
MME agrees best with observation CPC in reproducing HWDI over East Sahel and the number of
HWDI over Gulf of Guinea, whereas, HIRHAM simulation outperforms better HWDI and number
of HWDI over west Sahel, with a best performing of HWDI over Gulf of Guinea and a best
reproduction of the number of HWDI over East Sahel Figure 7.
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3.3. Projected changes in the annual cycles of CDD, CWD and HWDI indices over west Africa

Future changes are evaluated with respect to the historical mean period (1979-2005) for each
index over West Africa in order to get statistical characterization of the present climate and its
evolution. Changes are evaluated over near (2031-2060) and far (2071-2100) future periods, under
RCP4.5 and RCP8.5 scenarios respectively.

3.3.1. Seasonal changes in HWDI

Figure 8 displays changes in HWDI derived from the CORDEX simulations and their multi-
model ensemble mean (red) during near (2031-2060) and far (2071-2100) future periods over the sub-
regions of West Africa. A substantial increase in HWDI is observed over the three sub-regions of west
Africa during both periods. The changes are more marked during far future and under RCP8.5
scenario, compared to near future and under RCP4.5 scenario. The fact that all CORDEX simulations
agree to an increased in HWDI suppose that the changes are robust (GIEC, 2007; Sillmann et al.,
2013b). This result suggest that the phenomenon of heatwave is unavoidable in West Africa for the
future periods.

3.3.2. Seasonal changes in CWD

Seasonal changes in CWD exhibit a decrease in general from March to November over east and
west Sahel regions with CCCLM simulation showing the most important decrease. In Sahel regions,
almost no changes are observed during the dry season December to February. However, Gulf of
Guinea region will experience a substantial decrease in CWD during the year, except CCCLM which
projects an increase during September-December corresponding to the retreat of the monsoon in the
region Figure 9. The discrepancy shown by CCCLM simulation during September-December season
over Gulf of Guinea and the projected large changes in CWD over the Sahel regions (east and west)
is due to its convective scheme used. Indeed, CCCLM employs Tiedtke (1989) convective scheme
causing overestimation of spells over the Sahel and flatter terrains of Guinea region [34].

3.3.3 Seasonal changes in CDD

Figure 10 shows the projected changes in the annual cycle of CDD over the three sub-regions of
west Africa during near and far future periods under RCP4.5 and RCP8.5 scenarios. There is an
increase in CDD during March-November shown by the CORDEX simulations over east and west
Sahel in general, except RCA which projects a decrease and CCCMA a decrease in September during
near and far future and under both scenarios. Over Gulf of Guinea region, discrepancies between
CORDEX simulations are observed in the projected changes in CDD. Indeed, during the year, RCA
and CCCLM show decrease and increase in CDD, whereas the other simulations clearly indicate an
increase, revealing uncertainties in projected changes in CDD. Overall, multi-model ensemble (MME)
mean shows an increase over west Africa with a short decrease of CDD over Gulf of Guinea region
during November-December for the far future period under RCP8.5 scenario. It is worth noted that
the periods of changes in CWD coincide with the periods of changes in CDD over the Sahel regions
(east and west). Our results are in line with the results of [56] who suggested that the increases in dry
spells coupled with decrease in wet spells and wet-day frequency could have strong consequences
for seasonal rainfall onset, along with total yearly rainfall amount over Central Africa. This implies
that the increase in dry spells coupled with decrease in wet spells could have negative drawbacks on
the environment and the society. For instance, this situation could induce strong and severe drought
and human discomfort in the future.
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Figure 8. Projected changes in the seasonal cycle for HWDI over 2031-2060 (left) and 2071-2100 (right) relative to the baseline historical time period 1976-2005 (horizontal line) under

RCP4.5 and RCP8.5 scenarios.
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4. Summary and conclusions

In this study, the projected changes in seasonal cycles of heatwave, wet and dry spells indices
were investigated over west Africa under RCP4.5 and RCP8.5 forcing scenarios. For this end, an
ensemble of four CORDEX simulations and their ensemble mean with an observation data (CPC) are
used. The changes are deducted and compared with respect to the mean of the reference period 1976-
2005 for near (2031-2060) and far (2071-2100) future periods. The performance of the CORDEX
simulations and their ensemble mean are evaluated firstly in comparison to the observation CPC in
representing the seasonal cycle of the indices describing heatwave and wet and dry spells. The results
of our analysis indicate that CORDEX simulations realistically reproduce the seasonal cycle of
heatwave, wet and dry spells over the three defined sub-regions of west Africa (east Sahel, west Sahel
and Guinea gulf) in the present climate although some relatively biases. The different bias observed
in individual CORDEX simulations are due to the use of different convective schemes for the
parametrization of the simulations. In addition, CORDEX simulations and their ensemble mean
reproduce the different indices with the pattern variations being at the right amplitude. In some cases,
individual simulations outperform the variability of the indices better than their ensemble mean. In
other hand, projections indicate an increase in heatwave duration and number over whole west
Africa region under both forcing scenarios and future periods. There is an increase in dry spells,
whereas a decrease in wet spells is observed over the west Africa region. However, the changes in
dry and wet spells span the period from March to November over Sahel regions (east Sahel and west
Sahel), whereas over Gulf of Guinea, the changes span the whole year, except a slight decrease in dry
spells during the retreat phase of monsoon (November-December) in the far future under RCP8.5
scenario. Almost the CORDEX simulations agree on the projected signal of the seasonal cycles of the
different indices, except CCCLM which showed a discrepancy in the projected signal of CWD during
September-December season over Gulf of Guinea. This suppose that the projected changes are robust.
Finally, the period of increasing dry spells coincides of that of the decreasing in wet spells over west
Africa, indicating that west African countries will be at risk of severe drought, floodings and
heatwaves. Thus, governments and stakeholders must make effort to reduce suitably greenhouse gas
emissions in west Africa.
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