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Abstract: Faced with the challenges that climate change poses to all human societies, adaptation is becoming a 
necessity for human survival. In this context, it is necessary to study the climatic phenomena that humans face 
and that are likely to impact various aspects of life. Therefore, this study sought to analyze the trend of heat 
waves in Senegal using data from the Coupled Model Intercomparison Project Phase 6 (CMIP6), Canadian Earth 
System Model Version 5. Three climate scenarios (Shared Socioeconomic Pathway [SSP]1-2.6, SSP2-4.5, and 
SSP5-8.5) were used, and the study focused on two future climate normals (2020 – 2050, 2050 – 2080). The study 
first spatialized the 95th  percentile of minimum, mean, and maximum temperatures, then analyzed temperature 
anomalies with the Lamb index before studying the future trend using the Mann-Kendall test. The results obtained 
reflect an upward trend for all the variables in this study for the two periods combined but with a different level 
of significance. This increase is greater for minimum temperatures, with rises of 0.43°C for SS1-2.6, 1.06°C for 
SSP2-4.5, and 2.18°C for SSP5-8.5. In comparison, maximum temperatures rose by 0.50°C, 1.05°C, and 2.03°C, 
respectively, between the first and second periods. Mean temperatures followed the same dynamic, with 0.48°C 
for SSP1-2.6, 1.04°C for SSP2-4.5, and 2.16°C for SSP5-8.5. Given these findings, it is important to analyze the 
behavior of the other CMIP6 models in assessing heat waves in Senegal.

Keywords: Future trends; Heat waves; Mann–Kendall test; Canadian Earth System Model Version 5; Coupled 
Model Intercomparison Project Phase 6; Senegal

1. Introduction

Climate change is considered one of the greatest 
risks of the 21st  century, with the potential to affect 
the health and lives of billions of people worldwide.1 
This phenomenon is defined as the consequence of 
the intensification of anthropogenic greenhouse gas 
emissions.2,3 It is also a factor influencing public health, 
with diverse and potentially catastrophic consequences.4 

In this context, studies have shown that the global 
average temperatures are expected to increase by 5.5°C 
by the end of the 21st  century,5 which might result in 
a global intensification, recurrence, and sustainability 
of heat waves.6,7 The increased exposure to heat waves 
is expected to deteriorate population health, increasing 
heat-related mortality and morbidity globally.8

In addition, climate forecasts for the 21st  century 
suggest a greater increase in temperatures in Africa 
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compared to the global average, with an intensification of 
extreme heat events.9 Therefore, the frequency, duration, 
and severity of heat waves are expected to intensify in 
the future.2,10 The projected effects of heat waves are 
expected to impact both social and economic sectors. 
First, heat waves are expected to pose a significant risk 
to human health.11 The adverse effects on health will 
be more noticeable in impoverished regions, where 
limited health coverage hinders adaptation and proper 
care.12 In fisheries, these extreme heat events result 
in the degradation of marine habitats, and negatively 
impact the conditions required for the survival of local 
biodiversity.13 In terms of agriculture, prolonged heat 
compromises photosynthesis activity and promotes the 
proliferation of pests, both of which lead to a decline in 
agricultural yields.14,15

Understanding this phenomenon is essential for 
adapting to its impacts. However, studies on hot 
extremes in Africa have only been conducted recently, 
unlike in Europe and America, where heat waves have 
been extensively documented. This scarcity of studies is 
concerning given the increasing temperatures in Africa 
and the insufficient adaptation measures, which are 
closely linked to the lack of climate data in the region.16

Particularly in the Sahelian region of Africa, there are 
significant challenges in access and availability of climate 
data. On one hand, access is hindered by exorbitant costs 
in many countries.17 On the other hand, following the 
structural adjustment policies of the 90s, the observation 
network has been underdeveloped, leading to incomplete 
or even data shortage over time.18 This partly explains the 
scarcity of studies on hot extremes in Africa, particularly 
in the Sahelian region. In addition, the continent is facing 
other pressing priorities, such as flooding, whose impacts 
are more noticeable than hot extremes.

The challenge of limited data has been mitigated 
by climate modeling, which is capable of tracing past 
and present climate changes, as well as predicting 
future ones. Climate models have become much more 
complex to better represent physical and environmental 
processes at increasingly fine scales.19 Therefore, 
numerous studies have focused on the prospective 
evolution of the climate. Heat waves and their health 
impacts highlight the importance of climate models 
for strategizing mitigation and adaptation efforts.20 The 
advent of climate data now makes it possible to predict 
future temperature trends with greater regional and 
even local detail, especially with the contribution of 
regionalized climate models.

The present study aimed to analyze the future trend of 
heat waves in Senegal over the periods of 2021 – 2050 

and 2051 – 2080 according to the Coupled Model 
Intercomparison Project Phase 6 (CMIP6) scenarios of 
Shared Socioeconomic Pathway (SSP)1-2.6, SSP2-4.5, 
and SSP5-8.5. The main objectives of this study were 
to: (i) spatialize the 95th percentile of mean, minimum, 
and maximum temperatures; (ii) study anomalies; and 
(iii) analyze the trend of heat waves over the periods 
2021 – 2050 and 2051 – 2080. The studies focusing on 
heat waves in Senegal using CMIP6 are limited. This 
is the first study applying the CMIP6 Canadian Earth 
System Model Version 5 (CanESM5) model to project 
Senegal’s extreme heat trends. Therefore, this study 
extends several previous researches performed by Toure 
et al.,21 Sow et al.,22 Sow et al.,23 Sow and Gaye,24 and 
Sy et al.,25 which tried to address the health impacts of 
heat waves in the northeastern regions of Senegal.

2. Materials and methods

2.1. Study area
Senegal is a country located on the West Coast of 
Africa. It is distinguished by its coastline stretching 
about 700 km. Senegal extends between latitudes 12°5 
and 16°5 North and longitudes 11°5 and 17°5 West 
(Figure 1). Bordering Mauritania to the north, Mali to 
the east, the republics of Guinea and Guinea-Bissau 
to the south, and the Atlantic Ocean to the west, it is 
a country with a relatively homogeneous terrain with 
altitudes rarely exceeding 50  m.26,27 Some massifs 
remain mainly in the eastern part of the country, such as 
the Fouta Djalon, which rises to 581 m, but the altitude 
decreases toward the west to 15 m toward the mouth of 
the Senegal River. The generally low terrain favors an 
unconstrained atmospheric circulation, subjecting the 
territory to a Sudano-Sahelian-type climate dominated 
by maritime trade winds, continental trade winds 
(commonly known as the Harmattan), and monsoon 
air masses. Under the influence of these defined air 
masses, two distinct seasons emerge each year: a long 
dry season and a rainy season. Soil science, on the other 
hand, is characterized by soils that are very vulnerable 
to degradation, particularly water and wind erosion. The 
hydrological potential is significant due to the presence 
of several rivers and lakes, such as the Senegal River, the 
Gambia River, the Casamance River, the Geba River, 
and the Lake of Guiers, which provide substantial water 
resources. However, the country’s water availability 
is highly dependent on the amount and distribution of 
rainfall.28 Annual rainfall totals range from <300 mm in 
the north to more than 1000 mm in the southern part 
of Senegal.29 The temperature ranges from 16°C to 
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30°C along the coastal strip, under the influence of the 
Atlantic Ocean, and can reach up to 40°C in the central 
and eastern regions of the country, which are subjected 
to the effects of continentality.30

2.2. Materials
To analyze the future trend of heat waves, CMIP6 
simulation data were collected. Compared to the 
Coupled Model Intercomparison Project Phase 5 
(CMIP5), CMIP6 introduces several improvements in 
physical modeling and resolution. CMIP6 is the result 
of two decades of research on the comparison of climate 
models.19 It is an update of CMIP5 that incorporates 
socio-economic parameters.31 Several studies have used 
CMIP6 data across various fields.32-34 Some authors have 
concluded that CMIP6 performs better than CMIP5 
models.35,36 For instance, Mmame and Ngongondo32 
report that CMIP6 models provide substantial 
improvements in the simulation of temperature and 
precipitation, with biases often below 10%. In this 
study, the CanESM5 model was used as input. This 
model was developed by the Canadian Center for 
Climate Modelling and Analysis and is available on the 
World Climate Research Programme (WCRP). It is an 
improved version of the Second Generation Canadian 
Earth System Model.37 Atmospheric blocking, which 
is often the cause of heat waves,38 was observed with 
this model by Arora et al.39 and Brunner et al.40 over the 

historical period 1981 – 2010. The CanESM5, with a 
spatial resolution of 2.8° × 2.8°, enables the illustration 
of the connections between heat waves and atmospheric 
blocking.41 Three scenarios were selected (SSP1-2.6, 
SSP2-4.5, and SSP6-8.5) for two climatic periods 
(2021 – 2050 and 2051 – 2080).

The choice of the CanESM5 model was based 
on a literature review, which highlighted its strong 
performance in the study of climatic extremes, 
particularly due to its ability to represent the phenomena 
responsible for heat waves. Its evolution from version 2 
to version  5 has enhanced its simulation capabilities, 
and its spatial resolution of 2.8° × 2.8° is particularly 
well-suited to countries, such as Senegal, where climatic 
conditions vary significantly across regions. The choice 
of using a single model has been adopted by Brunner 
et al.,40 Jeong et al.,37 and Schaller et al.,41 allowing us 
to focus on the specific features and results provided 
by these models, which are generally validated and 
adjusted to meet the objectives of each study.

2.3. Methods
2.3.1. Evaluation of the performance of the Canadian 
Earth System Model Version 5
In the context of using climate model outputs, it is often 
recommended to conduct evaluations using various 
methods, including the Kling-Gupta Efficiency (KGE) 
and Percent Bias (pBias). Various authors, including 

Figure 1. Distribution of heat wave intensity across Senegal from 1984 to 2020. Figure created with ArcGis 
10.8, Sow and Gaye (2025).

https://dx.doi.org/10.36922/AJWEP025150107


Projected trends in extreme heat in Senegal from 2020 to 2080

Volume 22 Issue 3 (2025)	 137� doi: 10.36922/AJWEP025150107 

Dehban et al.,42 Mmame and Ngongondo,32 and Zareian 
et al.,43 have utilized these methods to evaluate the 
models’ ability in reproducing reference data. KGE is 
a performance metric that indicates the model’s ability 
to reproduce an observed or reference time series. It is 
calculated based on the correlation coefficient (r), biases 
(β), and variability (γ) using the following formula:

KGE r� � � � �� � � �� �1 1 1 12 2 2
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Where:
σ = standard deviation
μ = mean
sim = simulation data
obs = observation data
Percentage Bias is used to evaluate model 

performance by comparing simulated data to reference 
or observed data. It accounts for systematic bias in 
simulated data and indicates the extent to which the 
model overestimates or underestimates the observed 
data. The closer the pBias value is to zero, the more 
accurately the model reproduces the reference data. It is 
calculated using the following formula:
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where:
Q = values at time step
n = number of time step

2.3.2. Data resampling and extraction
Canadian Earth System Model Version 5 data have been 
uploaded to the WCRP platform (https://esgf-node.
llnl.gov/search/cmip6/) in netCDF format. They were 
then resampled to reduce the size of the grids. This 
operation reduced the data to a spatial resolution of 
0.0625° × 0.0625° per grid. The data were then extracted 
based on the coordinates of the 40 grid points selected 
for this study (Figure 1), and the 95th annual percentiles 
of the SSP1-2.6, SSP2-4.5, and SSP6-8.5 scenarios 
were calculated. In previous studies, Da Silva et al.44 
and Teegavarapu et al.45 demonstrated the effectiveness 
of this approach in capturing the spatial variability of 
climatic variables in the study area using simulated 
data. Among the available interpolation methods, we 
utilized bilinear interpolation,46,47 implemented through 
the Climate Data Operator software. This resampling 

approach has been employed by several authors, 
including Goudiaby et al.48 and Bodian et al.49 In this 
study, the 95th percentile was selected as the threshold 
for detecting heat waves.

2.3.3. Spatialization of extreme heat
The inverse distance weighted (IDW) interpolation 
method was used to spatialize the results at the scale 
of Senegal. This is a robust method that allows the 
estimation of values across a surface based on known 
data points. It is based on the principle that each 
measuring point influences its surrounding area, with the 
influence decreasing as distance increases. This method 
was used to map the 95th percentile across Senegal.

2.3.4. Heat wave anomalies
The Lamb index (1982) was applied to identify interannual 
anomalies of extreme heat in Senegal for the periods 2021 
– 2050 and 2051 – 2080. This index helps assess the 
interannual variability of extreme temperatures and detect 
fluctuations in hydro-climatic regimes50 and climatic 
phenomena.28,51 A positive index indicates an increase in 
temperatures, while a negative index reflects a decrease.30

IL x xi m�� ���
�
�

� (III)

where:
IL = Lamb index
xi = 95th annual percentiles for a station during a year
xm = annual average of the 95th percentile of the mean 

temperature at the station during the study period.
The trend of extreme heat was obtained using 

the Mann-Kendall test,52,53 a non-parametric test 
that identifies trends in a given time series. The null 
hypothesis for this test is the absence of a trend. When 
the null hypothesis is rejected, the alternative hypothesis, 
which indicates the existence of a trend, is accepted, 
depending on the level of significance.54 The Mann-
Kendall test provides three key pieces of information:55 
(i)	 The Kendall tau or Kendall’s rank coefficient, which 

measures the tendency of the slope. The positive or 
negative rate reflects an upward or downward trend, 
respectively. The formula is as follows:

Var (s) = n(n - 1)(2n + 5)/18	 (IV)
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(ii)	 Sen’s slope represents the overall trend of the time 
series. It is calculated as the median of the slopes 
between all possible pairs of points in the series.

� �� � ��
��
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�
�

�

�
�

�

�
�� �Median xi xj

i j
i j � (VII)

(iii)	The significance is determined by the p-value, 
which indicates if the observed trend is statistically 
significant based on a pre-defined threshold, 
typically 0.05.

The selection of these methods is related to their 
robustness and the need for comparability with previous 
studies. To enhance the value of this work, these methods 
have been applied to CanESM5 outputs, ensuring that 
knowledge on heat waves is updated to promote future 
research.

3. Results

3.1. Analysis of Canadian Earth System Model 
Version 5 model performance

The performance of CANESM5 was evaluated 
against the Modern-Era Retrospective analysis for 
Research and Applications, Version 2, using the KGE 
and pBias over the 2015 – 2020 period. Figure 2 shows 
the spatial distribution of KGE values across Senegal. 

The results show KGE values ranging from 0.24 to 0.78 
across all stations included in this study. The model 
demonstrates good performance, with KGE values 
exceeding 0.60 at 22 stations in SSP2-2.6, 27 stations in 
SSP3-4.5, and on 26 stations in SSP5-8.5. At the spatial 
level, the model performs better in the eastern and 
central stations of the country, whereas the lowest KGE 
values are observed in the coastal areas, particularly at 
the Cap-Kirring station (Figure 2).

The analysis of the KGE is complemented by the 
pBias, which indicates the percentage of error associated 
with CANESM5 model output. Figure  3 illustrates the 
distribution of the pBias values across all stations for the 
three scenarios selected in this study. The results show 
that pBias remains below 10% at 34 stations in SSP2-2.6, 
39 stations in SSP3-4.5, and on 38 stations in SSP5-8.5. 
This suggests that the CANESM5 model exhibits good 
overall behavior, with predictions closely related to 
observed values. However, positive pBias values indicate 
a tendency for the model to overestimate the results. The 
highest biases, ranging from 11 to 17, are observed at the 
stations of Dakar in the west and Cap Skirring in the south.

3.2. Future evolution of heat waves in Senegal
The future evolution of heat waves was assessed by 
analyzing the dynamics of the annual 95th  percentile 

Figure 2. Spatial distribution of KGE values according to different scenarios. Figure created with ArcGis 
10.8, Sow and Gaye (2025).
Abbreviations: KGE: Kling-Gupta efficiency; SSP: Shared socioeconomic pathway.
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over the period 2020 – 2080. Figure 4 shows the trend 
in minimum, maximum, and mean temperatures under 
three climate scenarios (SSP1-2.6, SSP2-4.5, and 
SSP5-8.5).

The analysis of Figure  4 shows an increase in 
minimum temperatures across all selected scenarios. 

In SSP1-2.6, interannual variability is relatively 
irregular, with temperatures ranging from 28.64°C 
to 30.34°C. This trend continues in SSP2-4.5, with a 
slight increase, as temperatures range from 28.66°C 
to 31.30°C. In contrast, SSP5-8.5 shows a clear 
interannual variability, marked by a steady increase in 

Figure 3. Spatial distribution of pBias values according to the different scenarios. Figure created with ArcGis 
10.8, Sow and Gaye (2025).
Abbreviations: pBias: Percent bias; SSP: Shared socioeconomic pathway.

Figure 4. Evolution of the annual 95th percentile of minimum, mean, and maximum temperatures over the 
period 2020 – 2080. Figure created with ArcGis 10.8, Sow and Gaye (2025).
Abbreviations: SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean temperature; 
Tmin: Minimum temperature.

https://dx.doi.org/10.36922/AJWEP025150107


Sow and Gaye

Volume 22 Issue 3 (2025)	 140� doi: 10.36922/AJWEP025150107 

the 95th percentile of minimum temperatures over the 
2020 – 2080 period.

For mean temperatures, the trend in SSP1-2.6 
is similar to that of minimum temperatures, with 
temperatures ranging from 33.87°C to 35.59°C, 
a difference of 5.27°C compared to the minimum 
temperatures in SSP1-2.6. SSP2-4.5 is characterized 
by a more regular evolution, with mean temperatures 
ranging from 33.91°C to 36.63°C. This represents 
an increase of 5.25°C compared to the minimum 
temperatures in SSP2-4.5. Similarly, SSP5-8.5 shows 
a steady increase in mean temperatures, ranging from 
33.78°C to 38.74°C, with a difference of 5.24°C relative 
to the corresponding minimum temperature.

Maximum temperatures exhibit a clear warming 
trend (Figure 4). In SSP1-2.6, temperatures range from 
41.09°C to 43.28°C, representing a thermal amplitude 
of 7.50°C compared to mean temperatures and 12.78° 
compared to minimum temperatures. SSP2-4.5 shows 
slightly higher values, ranging from 41.31°C to 43.95°C, 
with corresponding mean amplitudes of 7.49°C and 
12.74°C relative to mean temperatures and minimum 
temperatures, respectively. SSP5-8.5 reflects a regular 
increase in extreme temperatures ranging from 41.31°C 
to 45.93°C, corresponding to a thermal amplitude of 
12.67°C relative to minimum temperatures and 7.43°C 
relative to average temperatures.

In summary, the trend of extreme heat shows a 
relatively irregular pattern marked by a modest increase 
up to 2050 for all SSP1-2.6, SSP2-4.5, and SSP5-8.5. 
However, from 2050 onward, a net warming trend 
emerges across all variables (Figure 4).

3.3. Spatiotemporal distribution of extreme heat in 
Senegal
The spatiotemporal distribution of the extreme heat 
was made based on the average 95th  percentile of the 
2021 – 2050 and 2051 – 2080 normals.

3.3.1. Spatial distribution of extreme heat from 
2021 to 2050
The minimum, maximum, and mean temperatures 
for three CMIP6 scenarios (SSP1-2.6, SSP2-4.5, and 
SSP5-8.5) from 2021 to 2050 are presented in Figure 5.

The minimum temperatures are between 28°C 
and 36°C across all scenarios. Specifically, SSP1-2.6 
indicates a minimum temperature between 28°C and 
34°C, with most of Senegal falling within the range of 
30°C to 32°C. Only a few stations in the Matam region 
record temperatures exceeding 32°C. SSP2-4.5 reveals 
a similar pattern with temperatures ranging from 30°C 

to 32°C across the country. Only Matam stations and 
part of the Tambacounda and Kedougou regions record 
temperatures above 32°C. In the SSP5-8.5 scenario, 
an increase in temperatures is observed compared to 
the previous scenarios. The temperatures fall between 
32°C and 36°C across the country, with the western and 
central parts of the country fall between 32°C and 34°C. 
In contrast, the eastern region recorded temperatures 
between 34°C and 36°C. Administratively, these stations 
are located primarily in the regions of Kedougou, 
Tambacounda, Matam, and Saint-Louis.

In addition, temperatures reflect similar spatial 
dynamics for SSP1-2.6, SSP2-4.5, and SSP5-8.5 
(Figure 5). Temperatures range from 32°C to 40°C, with 
the western-central to southern region recording the 
lowest values between 32°C and 34°C. In the central and 
northwestern regions, temperatures range from 34°C to 
36°C. The highest mean temperatures are recorded in the 
central to eastern region of the country, with temperatures 
ranging from 36°C to 40°C in all scenarios.

Maximum temperatures exhibit the highest values 
compared to minimum and mean temperatures, ranging 
from 32°C to 51°C across all three scenarios for the 
2021  – 2050 period. SSP1-2.6 presents temperatures 
between 32°C and 34°C throughout the country, 
while SSP2-4.5 and SSP5-8.5 show a varied spatial 
distribution with three temperature classes. In SSP2-4.5, 
the western region falls between 36°C and 40°C. In 
the central region, the temperatures range from 40°C 
to 45°C, and the eastern region presents temperatures 
between 45°C and 51°C. The distribution in SSP5-8.5 is 
similar to SSP2-4.5, with the exception at the Ziguinchor 
station, where temperatures between 34°C and 36°C are 
observed.

3.3.2. Spatial distribution of heat waves from 
2051 to 2080
On the 2051 – 2080 normal (Figure  6), minimum 
temperatures vary between 28°C and 36°C. In SSP1-2.6, 
the temperatures are below 32°C across the entire country 
except the eastern regions of Kedougou, Tambacounda, 
Matam, and Saint-Louis. In SSP2-4.5, the temperatures 
fall between 32°C and 34°C across the entire country 
except south-central stations in the regions of Sedhiou, 
Kolda, and part of Kaolack and Kaffrine, where the 
temperatures are below 32°C. For SSP5-8.5, the 
temperatures range from 32°C to 36°C, with the western 
and eastern regions showing temperatures ranging from 
32°C to 34°C and 34°C to 36°C, respectively.

In addition, mean temperatures show a spatial 
dynamic that is significantly different compared to 
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minimum temperatures, although the observed trend 
is similar to the mean temperatures in the period 
2021 – 2050. A  warming trend is observed in the 
western part of Senegal compared to the earlier period. 
Mean temperatures vary between 32°C and 40°C, 
with the western region having the lowest values 
(32 – 34°C) and the central region where temperatures 
fall between 34°C and 36°C. The highest temperatures 
(36 – 40°C) are observed in the eastern region for all 
three scenarios.

For maximum temperatures, the spatial dynamic is 
marked by much higher temperatures compared to the 
minimum and mean temperatures. For SSP1-2.6, the 
temperatures are between 32°C and 34°C throughout 
the country, which is similar to the earlier period. In 
SSP2-4.5 and SSP5-8.5, temperatures range from 40°C 
to 51°C. The spatial distribution shows noticeable 
disparities, with the most moderate temperatures 
observed in the west-central region, while higher 

temperatures dominate across the rest of the country, 
with the exception in the coastal regions.

3.4. Interannual variability of extreme heat
3.4.1. Interannual variability of extreme heat from 
2021 to 2050
The temporal evolution of the extreme heat from 
2021 to 2050 was analyzed using the Lamb anomaly 
index (Figure  7). The results show a highly irregular 
interannual pattern of minimum, maximum, and mean 
temperatures in SSP1-2.6. Two distinct phases can be 
identified in Figure 7. The first period from 2020 to 2035 
is marked by a downward trend in extreme temperatures 
across all variables, while the second period, from 2035 
to 2050, is characterized by an upward trend in extreme 
heat.

In SSP2-4.5, a highly irregular interannual variability 
is observed, characterized by alternating phases of 
rising and falling extreme heat. A  declining phase in 

Figure 5. Spatialization of the P95 of Tmin, Tmean, and Tmax over the period 2021 – 2050. Figure created with 
ArcGis 10.8, Sow and Gaye (2025).
Abbreviations: P95: 95th Percentile; SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean 
temperature; Tmin: Minimum temperature.
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extreme heat is observed from 2020 to 2040, during 
which fewer than 5 years show an increase across all 
three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). 
From 2040 onward, the evolution of extreme heat is 
marked by an overall increase in minimum, maximum, 
and mean temperatures.

In SSP5-8.5, the diachronic evolution is similar 
for all temperature variables. There are two phases 
in the evolution of minimum, maximum, and mean 
temperatures. From 2021 to 2042, temperatures are 
marked by a declining trend, with only 5 years being 
positive in maximum temperatures, four in mean 
temperatures, and five in minimum temperatures. From 
2042 onward, an upward trend emerges across all 
temperature variables. For minimum temperatures, the 
projected increases are 0.42°C in SSP1-2.6, 0.69°C in 
SSP2-4.5, and 0.55°C in SSP5-8.5. In comparison, mean 
temperatures are expected to rise by 0.25°C, 0.65°C, 
and 0.41°C in SSP1-2.6, SSP2-4.5, and SSP5-8.5, 

respectively. Maximum temperatures show increases of 
0.035°C for SSP1-2.6, 0.62°C for SSP2-4.5, and 0.45°C 
for SSP5-8.5.

3.4.2. Interannual variability of extremes from 
2051 to 2080
Extreme temperature anomalies were analyzed for the 
period 2051 – 2080, as shown in Figure 8. This figure 
shows a pronounced interannual variability in SSP1-2.6 
for minimum, maximum, and mean temperatures, with 
year-to-year fluctuations throughout the period.

SSP2-4.5 is characterized by a more regular trend, 
though still marked by alternating periods of growth 
and a decrease in extreme temperatures for all variables. 
A  sustained increase is observed starting from 2068, 
resulting in positive values of the Lamb anomaly index, 
except in years 2071 and 2073.

In SSP5-8.5, the period 2051 – 2080 is characterized 
by low variability on a year-long scale. However, 

Figure 6. Spatialization of the P95 of Tmin, Tmean, and Tmax over the period 2051 – 2080. Figure created with 
ArcGis 10.8, Sow and Gaye (2025).
Abbreviations: P95: 95th Percentile; SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean 
temperature; Tmin: Minimum temperature.
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there are alternating phases of decline and increase in 
extreme heats. The year 2072 marks a turning point 
in the evolution of heat waves in Senegal. The first 
sub-period, from 2050 to 2071, shows a noticeable 
decrease, followed by an increase from 2072 to 2080. 
Between these two sub-periods, extreme temperatures 
(minimum temperatures) increase by 0.07°C in SSP1-
2.6, 0.44°C in SSP2-4.5, and 1.35°C in SSP5-8.5. 
For maximum temperatures, the increase is 0.16°C in 
SSP1-2.6, 0.23°C in SSP2-4.5, and 1.34°C in SSP5-
8.5. For mean temperatures, the increase is 0.05°C 
in SSP1-2.6, 0.41°C in SSP2-4.5, and 1.34°C in 
SSP5-8.5.

The diachronic evolution of extreme heat is 
marked by an interannual variability, characterized 
by alternating periods of increase and decrease in 
minimum, maximum, and mean temperatures. The 
importance of this variability depends on the climate 
scenarios of this study. Interannual fluctuations are 
more pronounced in SSP1-2.6 compared to SSP2-4.5. 
In SSP2-4.5 and SSP5-8.5, the trends are more regular, 
although fluctuating phases still occur.

3.5. Trend of extreme heat in Senegal
3.5.1. Trends of extreme heat s from 2021 to 2050
The trend of extreme heat in Senegal over the period 
2021 – 2050 is analyzed using the Mann–Kendall trend 
test (Figure  9). The Z-value of the test indicates the 
presence of a trend: a positive value reflects an increase 
in temperatures over the period, while a negative value 
indicates a decrease.

Figure  9 shows significant upward trends for 
minimum temperatures at all stations in all three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 
(p<0.01). For mean temperatures, the warming trends 
of extreme temperatures are observed with different 
levels of significance. In SSP1-2.6 and SSP2-4.5, the 
increase in extreme temperatures is noted with a 99% 
confidence level (p<0.01), except for west-central, 
northwest, and northeast in SSP1-2.6 and south of 
Tambacounda and a Kolda station (SSP2-4.5), for 
which the significance levels are 95% (p<0.05). An 
upward trend of minimum temperature is noted in 
SSP5-8.5 with a significance level of 99% (p<0.01) for 
all study stations (Figure 9).

Figure 7. Temporal dynamics of extreme heat over the period 2021 – 2050. Figure created with ArcGis 10.8, 
Sow and Gaye (2025).
Abbreviations: SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean temperature; 
Tmin: Minimum temperature.
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In addition to the Z-value, Sen’s slope evaluates the 
magnitude of the trends. Figure 10 shows the magnitude 
of the 95th  percentile trend of heat waves in Senegal. 
Minimum temperatures show an upward trend for all 
scenarios. An average increase of 0.010°C is observed 
at the Dakar station in SSP1-2.6. For SSP1-2.6 and 
SSP2-4.5, a temperature increase of between 0.023°C 
and 0.040°C is noted in the eastern, central, and 
southwestern regions of the country. For SSP2-4.5, 
the central and eastern region shows increases in 
temperatures between 0.040°C and 0.070°C. The growth 
of extreme heat for SSP5-8.5 follows a similar dynamic 
with increases in temperatures between 0.040°C and 
0.070°C for all study stations.

For mean temperatures, an increase of 0.012°C to 
0.030°C is observed in the western regions covering 
Saint-Louis, Louga, Dakar, Thiès, Fatick, Kaolack, and 
Ziguinchor for SSP1-2.6 and the south-central (Sedhiou, 
Kolda, and part of Tambacounda) for SSP2-4.5. For 
SSP5-8.5, temperature growth ranges from 0.030°C 
to 0.050°C in western and south-central regions. The 
eastern region experiences the highest temperature 
growth between 0.050°C and 0.083°C.

Regarding maximum temperatures, the highest 
increase between 0.050°C and 0.850°C is only observed 
at the Mbiddi station (SSP1-2.6) and in parts of Saint-
Louis (SSP2-4.5 and SSP5-8.5). The lowest temperature 
growth is observed in the western region in SSP1-2.6 
and in the central region in SSP2-4.5 and SSP5-8.5. The 
rest of the territory is subject to a moderate increase 
between 0.030°C and 0.050°C. Thus, a significant 
spatial variability in temperature growth can be observed 
across the climate scenarios of this study. In short, the 
western, south-central, and central regions recorded the 
lowest temperature growth.

3.5.2. Trends of extreme heat from 2051 to 2080
Figure  11 illustrates the trend of extreme heat over 
the period 2051 – 2080, which indicates a different 
trend in SSP1-2.6 for minimum, mean, and maximum 
temperatures compared to the period 2021 – 2050. Except 
for the significant temperature growth along the coast and 
the Kedougou station, the temperature growth is stationary 
for minimum, mean, and maximum temperatures.

For SSP2-4.5, growth dynamics are observed for 
minimum and mean temperatures. Spatially, this trend 

Figure 8. Temporal dynamics of extreme heat over the period 2051 – 2080. Figure created with ArcGis 10.8, 
Sow and Gaye (2025).
Abbreviations: SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean temperature; 
Tmin: Minimum temperature.
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is observed with a 99% significance level (p<0.01) at 
almost all stations except for those in the northwest 
region (mean temperatures) and the stations of Saint-
Louis, Dagana, and Kedougou (minimum temperatures), 
which the significance levels are 95% (p<0.05).

A significant warming trend is observed in SSP5-8.5 
at a 99% significance level (p<0.01) for minimum and 
mean temperatures, while a stationary trend is observed 
for maximum temperatures at all stations.

In addition, Sen’s slope for the period 2051 – 2080 
shows the magnitude of the temperature trend. Figure 12 
illustrates Sen’s slope results from the Mann–Kendall 
test for the period 2051 – 2080, based on data from the 
40 stations included in this study.

An increase in minimum temperatures between 
0.010°C and 0.030°C is observed in SSP1-2.6 and the 
western region of SSP2-4.5 (Figure  12). The eastern 
region of SSP2-4.5 shows an increase of minimum 
temperatures between 0.030°C and 0.050°C. SSP5-8.5 

records the largest increase in minimum temperatures 
above 0.050°C.

The magnitude of the Sen’s slope of mean 
temperatures is irregular. The temperature growth 
in SSP1-2.6 is between 0.030°C and 0.050°C at 
all stations in this study. A  decrease in temperature 
growth (below 0.030°C) is observed in SSP2-4.5 
throughout Senegal, except for the regions in Matam 
and Tambacounda, where the temperature growth 
falls between 0.030°C and 0.050°C. In SSP5-8.5, the 
temperature increase ranges from 0.013°C to 0.068°C. 
The highest increase in temperatures between 
0.050°C and 0.068°C is observed in the eastern, 
northern, and central regions. A moderate temperature 
growth between 0.030°C and 0.050°C is observed 
in southwestern (Ziguinchor, Sedhiou, and Kolda), 
central (Fatick, Kaolack, Kaffrine, and Diourbel), and 
western (Dakar, Thiès, and parts of Saint-Louis and 
Louga) regions.

Figure 9. P95 trends of Tmin, Tmean, and Tmax from 2021 to 2050. Figure created with ArcGis 10.8, Sow and Gaye 
(2025).
Abbreviations: P95: 95th Percentile; SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean 
temperature; Tmin: Minimum temperature.
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Figure 10. Distribution of the Sen’s slope in Senegal from 2021 to 2050. Figure created with ArcGis 10.8, Sow 
and Gaye (2025).
Abbreviations: P95:  95th  Percentile; SSP: Shared socioeconomic pathway; T: Temperature; Tmax: Maximum 
temperature; Tmean: Mean temperature; Tmin: Minimum temperature.

Regarding maximum temperatures, all stations in 
this study exhibit notably low increases, with values 
below 0.050°C in SSP1-2.6. At the spatial level, only 
the western region recorded the largest increase between 
0.030°C and 0.050°C. The temperature increases in 
other regions are below 0.030°C. The recorded increases 
of temperatures at all stations in SSP2-4.5 and SSP-8.5 
are below 0.030°C.

4. Discussion

The purpose of this work was to study the future trends 
of minimum, maximum, and mean temperatures over 
two climate normals (2021 – 2050 and 2051 – 2080). 
Three CanESM5 scenarios (SSP1-2.6, SSP2-4.5, and 
SSP5-8.5) were studied at 40 stations.

The results of this study reflect an increase in 
temperatures across all variables at the national level. 
This upward trend is observed in minimum, mean, 

and maximum temperatures in SSP1-2.6, SSP2-4.5, 
and SSP5-8.5. The warming dynamic is the greatest 
in SSP5-8.5. This trend aligns with the work of the 
Intergovernmental Panel on Climate Change (IPCC),5 
which predicted an increase in temperatures. Previous 
studies from Perkins et al.7 and Das and Umamahesh6 
showed that the increase in temperatures would result in 
a strengthening of global extreme heat toward the end 
of the 21st century. At the Sahelian scale, Ringard et al.9 
reported similar findings regarding the intensification 
of extreme heat. In Senegal, Sagna et al.56 support the 
IPCC’s predictions by confirming this warming trend.

The results show an overall upward trend across 
all stations, scenarios, and temperature variables for 
the period 2021 – 2050. In contrast, for the period 
2051 – 2080, continental stations in SSP1-2.6 for 
minimum and mean temperatures and all scenarios 
for maximum temperatures display a stationary trend. 
This overall upward trend is supported by the work of 
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Figure 11. P95 trends of Tmin, Tmean, and Tmax from 2051 to 2080. Created with ArcGis 10.8, Sow and Gaye 
(2025).
Abbreviations: P95: 95th Percentile; SSP: Shared socioeconomic pathway; Tmax: Maximum temperature; Tmean: Mean 
temperature; Tmin: Minimum temperature.

Ringard,57 which predicted a warming of temperatures 
in the future. The dynamics of extreme heat in Senegal 
can be explained by the combination of climatic 
and geographical factors. One factor contributing to 
the persistence of heat conditions is the influence of 
subtropical and Saharan-Libyan high-pressure systems. 
These systems lead to the convergence of hot and dry 
air masses from the Sahara toward the Sahel, creating 
favorable conditions for atmospheric blocking, which 
increases the likelihood of extreme heat.22 In addition, 
the atmospheric influences are combined with the low 
humidity level and low cloud cover in these regions, 
further contributing to the intensification of heat waves.

In addition, the trend is characterized by a greater 
increase in the minimum temperatures, which is reflected 
in the reduction of thermal amplitudes. This is likely 
linked to the effects of human activities, particularly 
greenhouse gas emissions.58 Specifically, CO2 emission 
from the Earth’s surface at night constrains nocturnal 

cooling. Furthermore, artificial or desert surfaces 
with a high thermal capacity and conductivity trap 
heat during the day, which is released at night, further 
inhibiting cooling. These factors could explain the 
faster rise in minimum temperatures compared to 
mean and maximum temperatures observed in Senegal. 
These findings extend the results of Braganza et al.,59 
Easterling et al.,60 and Hartmann et al.61 regarding the 
faster increase in minimum temperatures globally, as 
well as the studies of Trigo et al.,62 Ringard,57 Rome 
et al.,63 and Barbier64 in Africa and the Sahel. The 
increasing trend of minimum temperatures underscores 
the severity of heat waves, as highlighted by Meehl and 
Tebaldi65 and Trigo et al.62

The spatial dynamics of these trends indicate an 
increase in extreme temperatures moving eastward. This 
is due to geographical factors such as high humidity and 
elevated hydrometric levels in coastal regions compared 
to inland regions. This spatial distribution of extreme 
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Figure 12. Distribution of the Sen’s slope in Senegal from 2051 to 2080. Created with ArcGis 10.8, Sow and 
Gaye (2025).
Abbreviations: P95:  95th  Percentile; SSP: Shared socioeconomic pathway; T: Temperature; Tmax: Maximum 
temperature; Tmean: Mean temperature; Tmin: Minimum temperature.

temperatures supports the work of Ndiaye et al.,30 which 
characterized the spatial dynamics of temperatures at 
the national scale in Senegal.

Thus, this work projected the future evolution 
of extreme heat for the periods 2051 – 2080 and 
2051 – 2080 with an upward trend across all scenarios. 
A comparative analysis of extreme temperature trends 
using different outputs of CMIP6 would be a relevant 
direction for future studies.

5. Conclusion

This study aimed to analyze the evolution and future 
trends of heat waves over the periods 2021 – 2050 
and 2051 – 2080. The data from the CanESM5 model 
were resampled and extracted based on the coordinates 
of 40 stations selected for this study. Minimum, 
mean, and maximum temperatures were examined 
under three scenarios (SSP1-2.6, SSP2-4.5, and 

SSP5-8.5) of CMIP6. The study was performed through 
the spatialization of extremes using IDW, the analysis 
of interannual variability using the Lamb index, and 
trend detection using the Mann-Kendall test.

The observed dynamics of minimum temperatures 
range from 28°C to 36°C across all scenarios. In 
SSP1-2.6, almost the entire country shows dynamics 
of minimum temperatures below 32°C, particularly 
in the western region. In SSP2-4.5, minimum 
temperatures range from 32°C to 34°C nearly across 
the entire territory, while temperatures below 32°C 
are noted at the stations in the south-central region. 
In SSP5-8.5, minimum temperatures exceed 32°C 
across all stations but remain below 36°C. In addition, 
mean temperatures range from 32°C to 40°C with 
similar patterns across all scenarios. The lowest 
values (32°C – 34°C) are observed in the western 
region, while the central region shows moderate 
values (34°C – 36°C). Elevated mean temperatures 
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(36°C – 40°C) are observed in the eastern region. The 
maximum temperatures are marked by the highest 
spatial dynamic across all temperature variables. In 
SSP1-2.6, maximum temperatures fall between 32°C 
and 34°C across Senegal. For SSP2-4.5 and SSP5-8.5, 
maximum temperatures range from 40°C to 51°C. In 
addition, the Lamb anomaly index indicates a greater 
increase in minimum temperatures with an increase of 
0.43°C in SS1-2.6, 1.06°C in SSP2-4.5, and 2.18°C in 
SSP5-8.5. The increases of maximum temperatures in 
SSP1-2.6, SSP2-4.5, and SSP5-8.5 are 0.50°C, 1.05°C, 
and 2.03°C, respectively, while mean temperatures 
increased by 0.48°C in SSP1-2.6, 1.04°C in SSP2-4.5, 
and 2.16°C for SSP5-8.5.

The results obtained reflect an upward trend in 
extreme heat in all variables, scenarios, and stations. 
However, the increase is more significant in the first 
period (2021 – 2050) than in the second (2051 – 2080). 
At the spatial level, the western region showed the 
lowest increment of below 0.030°C, while the remaining 
regions in Senegal are experiencing greater increases 
that exceed 0.050°C in the first period.

In short, this study analyzed the trend and future 
evolution of extreme heat in terms of minimum, mean, 
and maximum temperatures for the periods 2021 – 2050 
and 2051 – 2080. Data from the CanESM5 model were 
used in SSP1-2.6, SSP2-4.5, and SSP5-8.5. In light of 
these results, it is necessary to study the future trend of 
heat waves using other CMIP6 models.
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