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ABSTRACT 

This study investigates the historical trends and future projections of heatwaves over the 

Sahel region of West Africa, a climate-sensitive and socioeconomically vulnerable area. 

Utilizing ERA5 reanalysis data (1984–2014) and statistically downscaled outputs from 11 

CMIP6 models under SSP2-4.5 and SSP5-8.5 scenarios, the study examines five heatwave 

metrics (frequency, number, duration, amplitude, and magnitude) across three heatwave 

definitions (TX90, TN90, EHF). The results confirm that the Sahel is experiencing 

intensifying heatwave events. Historically, daytime heatwaves (TX90) show higher 

frequencies (1.0–1.9 events/year), while nighttime heatwaves (TN90) reveal significant 

positive trends in frequency and duration, especially in the northern zones. The Excess Heat 

Factor (EHF) underscores the growing intensity and compound impact of heat extremes. 

Model validation using Taylor diagrams and Mann-Kendall trend tests confirms the 

robustness of projections despite biases among models. Future projections reveal alarming 

trends. By 2091, under SSP5-8.5, HWF could exceed 25 days/year, with amplitude values 

surpassing 50°C in parts of the central Sahel. These findings suggest a severe escalation in 

heat-related health risks, especially due to rising nighttime temperatures that limit 

physiological recovery. The study confirms the hypothesis that heatwaves in the Sahel are 

intensifying and are expected to worsen under future climate scenarios. This research 

provides vital input for developing region-specific early warning systems and adaptation 

plans. It highlights the urgency of strengthening climate resilience in the Sahel through 

enhanced forecasting, infrastructure planning, and health interventions. 

Keywords: Sahel, heatwave, Climate Change, CMIP6, ERA5, EHF, SSP5-8.5, , Mann-

Kendall, thermal extremes. 
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 RESUMÉ 

 

Cette étude examine les tendances historiques et les projections futures des vagues de 

chaleur dans la région sahélienne de l’Afrique de l’Ouest, une zone particulièrement 

vulnérable aux changements climatiques. À l’aide des données de réanalyse ERA5 (1984–

2014) et des projections issues de 11 modèles CMIP6, statistiquement réduits selon les 

scénarios SSP2-4.5 et SSP5-8.5, l’analyse porte sur cinq indices de vague de chaleur 

(fréquence, nombre, durée, amplitude, et magnitude) pour trois définitions (TX90, TN90, 

EHF). Les résultats confirment une intensification des vagues de chaleur dans la région. 

Historiquement, les vagues diurnes (TX90) sont plus fréquentes (1,0 à 1,9 événements/an), 

tandis que les vagues nocturnes (TN90) présentent des tendances fortement positives, 

notamment au nord du Sahel. Le facteur de chaleur excessive (EHF) souligne l’aggravation 

de l’intensité des événements extrêmes. La validation des modèles à l’aide de diagrammes 

de Taylor et du test de Mann-Kendall confirme la robustesse des tendances malgré certaines 

divergences entre modèles. Les projections futures révèlent des perspectives 

préoccupantes. D’ici 2091, sous SSP5-8.5, la fréquence des vagues de chaleur (HWF) 

pourrait dépasser 25 jours/an, avec des amplitudes supérieures à 50°C dans certaines zones. 

Ces conditions accentueraient les risques pour la santé, notamment en raison des 

températures nocturnes élevées qui empêchent la récupération thermique. 

Cette étude apporte des données cruciales pour la mise en place de systèmes d’alerte 

précoce et de stratégies d’adaptation spécifiques à la région. 

Mots-clés : Sahel, vague de chaleur, changement climatique, CMIP6, ERA5, EHF, SSP5-

8.5, Mann-Kendall, extrêmes thermiques. 
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ACRONYM AND ABBREVIATION 

ACCESS-CM2 Australian Community Climate and Earth System Simulator – Climate 

Model version 2 

ACCESS-ESM1-5 Australian Community Climate and Earth System Simulator – Earth System 

Model version 1.5 

CDO Climate Data Operators  

CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici – Earth System 

Model version 2 

CMIP6 Coupled Model Intercomparison Project Phase 6 

CRMSE Centered Root Mean Square Error 

EC-EARTH3 European Community Earth-System Model version 3 

EC-EARTH3-Veg-

LR 

EC-Earth3 with dynamic vegetation module at Low Resolution 

ECMWF European Centre for Medium-Range Weather Forecasts 

ED-ICC École Doctorale Informatique et Changement Climatique 

EHF Excess Heat Factor 

ERA5 Fifth Generation ECMWF Reanalysis 

GCM General Circulation Model 

HWA Heatwave Amplitude 

HWD Heatwave Duration 

HWF Heatwave Frequency 

HWM Heatwave Magnitude 

HWN Heatwave Number 

IPSL-CM6A-LR Institut Pierre-Simon Laplace – Climate Model version 6A, Low Resolution 

ITCZ Inter-Tropical Convergence Zone 

ITD Inter-Tropical Discontinuity  

KIOST-ESM Korea Institute of Ocean Science and Technology – Earth System Model 

MAE Mean Absolute Error 

MBE Mean Bias Error 

MIROC6 Model for Interdisciplinary Research on Climate version 6 

MJO Madden-Julian Oscillation 
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MK Mann-Kendall  

MME Multi-Model Ensemble 

MPI-ESM1-2-HR Max Planck Institute – Earth System Model version 1.2, High Resolution 

MPI-ESM1-2-LR Max Planck Institute – Earth System Model version 1.2, Low Resolution 

MRI-ESM2-0 Meteorological Research Institute – Earth System Model version 2.0 

NEX-GDDP NASA Earth Exchange - Global Daily Downscaled Projections 

RCP Representative Concentration Pathway 

SSP Shared Socioeconomic Pathways 

TN90 90th Percentile of Minimum Temperature 

TX90 90th Percentile of Maximum Temperature 
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INTRODUCTION 

Contextual Background 

Climate change has significantly altered global weather patterns, resulting in more frequent 

and intense climate extremes worldwide. The Sahel region of West Africa, a semi-arid area 

stretching across the continent, has experienced pronounced warming over recent decades, 

making it particularly vulnerable to extreme heat events (Guigma, 2021). 

Heatwaves, one of the most dangerous natural hazards, are defined as prolonged periods of 

abnormally high temperatures that can cause significant adverse effects on human health and 

comfort (Guigma, Todd and Wang., 2020). In the Sahel, they are characterized by relatively 

short-lasting events with a mean duration between three and five days, but with extreme 

magnitude given the already hot climate. Most locations in the Sahel experience one to two 

heatwave events annually, with the eastern and central Sahel being more susceptible compared 

to western regions (Guigma, Todd and Wang., 2020).  

Heatwaves in West Africa originate from shifts in the Intertropical Convergence Zone (ITCZ), 

which modulate monsoon dynamics and sea surface temperatures (SSTs). The ITCZ’s 

northward migration during boreal summer (June–July) alters atmospheric circulation, 

enhancing heatwave frequency over the Sahel due to reduced convection and rainfall 

suppression (Guigma et al., 2021). These shifts are tightly linked to Atlantic SST anomalies 

(Adeniyi, 2017), which also influence the strength and height of moist southerly winds. The 

so-called “inter-Tupelian” intrusion reflects Atlantic wind surges, which, at mid-altitudes, 

disrupt ITCZ positioning, driving episodic rain and heat extremes (Wane et al.,2024). Also, 

complex thermodynamic processes drive the occurrence of Sahelian heatwaves. Heat advection 

and the greenhouse effect of water vapor have been identified as the main underlying causes 

(Guigma et al., 2021; Sambou et al., 2021). Low-level atmospheric circulation disturbances 

drive these mechanisms by enabling the movement of warmer and more moisture-laden air 

toward the Sahel region. On a broader scale, large-scale tropical climate patterns such as the 

Madden-Julian Oscillation (MJO), along with equatorial Rossby and Kelvin wave systems, 

influence both the likelihood and strength of heat extremes in this area (Guigma, 2021). 

Forecasting capabilities for Sahelian heat extremes extend effectively up to two to three weeks 

in advance, with nocturnal temperature events showing greater predictive accuracy compared 

to daytime episodes. Heat events during the pre-monsoon period (April through June) exhibit 

enhanced forecast reliability relative to those in the latter part of winter (Guigma et al., 2021). 

https://link.springer.com/article/10.1007/s00382-020-05569-9
https://link.springer.com/article/10.1007/s00703-016-0473-x
https://link.springer.com/article/10.1007/s00382-023-06968-4
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Prediction accuracy improves notably when tropical climate modes are in their active states, 

indicating their utility as key indicators for anticipating extreme temperature occurrences. 

Future projections indicate a concerning trend. Under global warming scenarios of 1.5°C and 

2°C, heat wave is expected to increase significantly across West Africa, with substantial 

proportions of the population at risk of heat-related illnesses (Sylla et al., 2018). The frequency, 

intensity, and duration of heatwaves are projected to increase, particularly in the drier regions 

of the central and eastern Sahel (Diedhiou et al., 2018). 

This has important implications for early warning systems and adaptation planning. Notably, 

daytime and nighttime heatwaves show low synchronicity in the Sahel, providing some relief 

to populations as continuous heat exposure is more detrimental to health (Guigma, Todd and 

Wang., 2020). Improving the representation of tropical modes in climate models could enhance 

heatwave predictability, allowing for more effective early warning systems (Guigma et al., 

2021). This becomes increasingly important as forestation activities may influence future 

heatwave characteristics, potentially increasing events in forested zones while decreasing them 

in the Sahel and along the Guinea coast (Odoulami et al., 2017). As climate change progresses, 

addressing the increasing threat of heatwaves in the Sahel becomes increasingly urgent. 

Effective mitigation and adaptation strategies, informed by an improved understanding of the 

dynamics of these extreme events, will be essential for protecting vulnerable populations in 

this already hot and climatically challenging region. 

 

Problem Statement and Rationale of the Study 

Problem Statement 

The  Sahel region of West Africa faces an escalating threat from heatwave events that are 

becoming more frequent, intense, and prolonged due to climate change. Despite the severity of 

this issue, there remains a significant knowledge gap in understanding the comprehensive 

dynamics of these extreme heat events across the region. Africans must collect data to analyze 

it over a long period, and by doing so, adaptation plans will be mastered. Current research has 

established the basic characteristics of Sahelian heatwaves (Guigma, Todd and Wang, 2020), 

but lacks detailed analysis of their spatiotemporal patterns, the complex interaction between 

local and regional drivers, and reliable future projections specific to the  Sahel. This knowledge 

deficit hampers the development of effective early warning systems and adaptation strategies 

for a region where populations are highly vulnerable due to limited adaptive capacity, outdoor-
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dependent livelihoods, and inadequate infrastructure. Furthermore, the dearth of locally 

calibrated thermal indices appropriate for the Sahelian context complicates accurate heat risk 

assessment. Given the anticipated rise in extreme heat events across different climate warming 

projections (Sylla et al., 2018), it becomes critically important to fill these knowledge gaps to 

safeguard public health, food security, and economic resilience throughout the Sahel.. 

 

Rationale 

This study is critically needed for several compelling reasons. First, the Sahel is experiencing 

warming at a rate 1.5 times faster than the global average (Guigma, 2021), making it a hotspot 

for extreme heat events. Despite this alarming trend, heatwaves in the region remain 

understudied compared to those in developed regions, creating a significant equity gap in 

climate research. 

Second, the populations of the Sahel are among the most vulnerable to heat impacts globally 

due to their heavy reliance on outdoor labor in agriculture and the informal sector, limited 

access to cooling infrastructure, and constrained economic resources for adaptation (Sylla et 

al., 2018). Accurate characterization of heat risks is therefore essential for protecting human 

lives and livelihoods. Third, the distinctive characteristics of Sahelian heatwaves where 

nighttime and daytime events show low synchronicity require specialized understanding 

beyond what can be extrapolated from studies in other regions, (Guigma, Todd and Wang, 

2020).  

Finally, robust projections of future heat extremes are essential for long-term adaptation 

planning in the region. Current climate projections indicate a significant increase in heatwaves 

under various warming scenarios (Diedhiou et al., 2018), but these lack the spatial and temporal 

specificity needed for effective regional planning. 

By addressing these knowledge gaps, this study will provide crucial information for developing 

targeted early warning systems, informing evidence-based adaptation policies, and helping to 

build resilience among vulnerable Sahelian communities facing an increasingly hot future. The 

findings will also contribute to addressing global inequities in climate research and adaptation 

support. 

Research Question, Hypotheses, and Objectives 

 Main Research Question  
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• How are the historical and projected dynamics of heatwaves manifested in the Sahel 

region? 

Specific Research Questions 

1. What are the climatological characteristics and trends of historical heatwaves in the 

Sahel region? 

2. What are the projected changes and trends in heatwave characteristics under SSP2-4.5 

and SSP5-8.5 for near- and far-future scenarios in the Sahel region? 

Main Research Hypothesis 

• Heatwaves in the Sahel are intensifying in frequency, duration, and magnitude, and are 

expected to accelerate under future climate scenarios. 

Specific Research Hypotheses 

1. Historical heatwave patterns show significant spatial variability with increasing trends 

in frequency and intensity across the Sahel region. 

2. Future climate scenarios project more frequent, intense, and longer-lasting heatwaves 

for the Sahel region under SSP2-4.5 and especially under SSP5-8.5. 

Main Research Objective 

• To investigate historical trends and future projections of heatwaves in the Sahel region. 

Specific Research Objectives 

1. Analyze the climatology patterns and trends of heatwave characteristics across the  

Sahel region. 

2. Evaluate future projections of heatwaves and trends under SSP2-4.5 and SSP5-8.5 for 

the near and far future across the Sahel region. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction 

This chapter critically examines the current understanding of heatwave dynamics in the Sahel 

region, focusing on historical characterization and future projections. The review addresses 

spatial characteristics of historical heatwave events, projected changes under future climate 

scenarios, and implications for human thermal comfort and adaptation planning. 

1.2 Concept of Heatwaves  

As noted by Aderotoye, Zaitchik and Asare (2024), "the definitions and measurements of 

heatwaves are often unclear and inconsistent, and they tend to vary depending on the specific 

group affected or the study context". Heatwaves are generally understood as prolonged periods 

of abnormally high temperatures that exceed certain thresholds relative to the local climate. 

Figure  1 shows that even a small increase in average temperatures makes a big difference to 

heat extremes. As the range of daily temperatures shifts to warmer levels, hotter days become 

more likely and more intense (Poynting and  Stallard, 2024). 

 

Figure 1 : Hotter, Longer Heatwave  

Source: Poynting and  Stallard (2024)  



  

  

 

6 

 

The conceptual understanding of both heatwaves has evolved significantly over time, shifting 

from purely meteorological definitions to more impact-based approaches that consider human 

health outcomes and vulnerability factors. This evolution reflects growing recognition that the 

health impacts of extreme heat depend not only on absolute temperatures but also on factors 

such as humidity, exposure duration, acclimatization, and socioeconomic conditions. 

1.3  Understanding Heatwave Formation and Contributing Factors 

Heatwaves are caused by several interconnected mechanisms. Figure 2 shows how the systems 

of high pressure keep warm air from evaporating by trapping it in a specific location. By 

pushing air to sink and compress, these high-pressure systems—also referred to as 

anticyclones—create a dome of heat that raises surface temperatures. Under these high-

pressure systems, there are fewer clouds, which increases solar radiation and warms the land 

and air above it. Several days to weeks may pass during extended periods of abnormally high 

temperatures as a result of this confluence of circumstances (Copernicus, 2024).  

Global warming significantly amplifies these phenomena by raising baseline atmospheric 

temperatures. Enhanced greenhouse gas concentrations create warmer starting conditions, 

making heat episodes more severe when they occur. Modified atmospheric circulation patterns 

associated with climate shifts may also promote longer-lasting high-pressure zones that sustain 

extreme temperatures (Copernicus, 2024).  

Urban environments compound these effects through heat island phenomena, where concrete 

infrastructure and reduced vegetation create localized temperature increases compared to rural 

surroundings. Cities, therefore, experience intensified heat during extreme weather events. 

Modified land surfaces from human activities like forest clearing and agricultural development 

further influence regional temperature patterns by changing how energy is absorbed and 

released (Copernicus, 2024).  

The convergence of natural atmospheric processes with human-induced environmental 

changes creates increasingly frequent and severe heat episodes. Understanding these multiple 

contributing factors helps explain why extreme heat events have become more common and 

intense in recent decades, particularly in densely populated areas where infrastructure 

magnifies the underlying meteorological conditions (Copernicus, 2024).  
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Figure 2 : How a heat dome is formed 

Source: Eberle, Higuera Roa and Sparkes (2022) 

 

Humans are susceptible to heat stress due to a number of important risk factors. By reducing 

perspiration evaporation, the body's primary cooling mechanism, environmental factors like 

high temperatures and humidity levels significantly increase the risk. Higher humidity levels 

prevent sweat from evaporating from our skin, which cools our bodies.  

The diagram in  Figure 3 shows heat sources (sun, reflected radiation, ground conduction) 

overwhelming the body's cooling mechanisms (sweat evaporation, respiration, infrared 

radiation release) (Havenith, 2001). When heat gain exceeds heat loss through these pathways, 

core body temperature rises dangerously, potentially causing heat-related illness or death. 
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Figure 3 : The human heat budget 

Source: Havenith (2001) 

 

1.4  Types of Heatwave 

Heatwaves are categorized into two main types: dry heatwaves and wet heatwaves. Dry 

heatwaves are characterized by high temperatures and low humidity, while wet heatwaves are 

influenced by high temperatures combined with elevated humidity levels (Ngoungue Langue et 

al., 2023). The interplay of humidity and temperature is crucial; concomitant heatwaves, those 

occurring both day and night, pose a greater health risk as they do not allow the body adequate 

time to recover from the heat experienced during the day (Ngoungue Langue et al., 2023). The 

dynamics of daytime and nighttime heatwaves in the Sahel are driven by distinct atmospheric 

conditions intensified by climate change. Daytime events correlate with low humidity, clear 

skies, and high solar radiation, amplifying surface temperatures (Oueslati et al, 2017). 

Conversely, nighttime heatwaves are linked to increased atmospheric moisture and cloud 

cover, trapping outgoing longwave radiation and elevating nocturnal temperatures (Oueslati et 

al., 2017; Nangombe et al., 2019). Understanding these temporal variations is crucial for 

targeted adaptation strategies in a region projected to warm 1.5 times faster than the global 
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average (USAID, 2024).  Figure 4 summarizes the physical processes associated with 

the daytime and nighttime heatwaves. The blue downward arrow indicates a decrease, and the 

red upward arrow indicates an increase. 

  

Figure 4 a schematic diagram of daytime heatwave, b schematic diagram of nighttime 

heatwave 

Source: Wu et al. (2023) 

 

1.5 Measurement and Indices 

Various indices have been developed to quantify heatwaves, each with different applications 

and limitations. Heatwaves are measured using indices like Excess Heat Factor (EHF), TX90, 

and TN90, which assess temperature anomalies. EHF combines the intensity and 
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acclimatization of heat by evaluating 3-day average temperatures relative to recent and long-

term climatology (Nairn and Fawcett, 2015). TX90 and TN90 represent days when maximum 

and minimum temperatures exceed the 90th percentile of a reference period, respectively, 

indicating extreme daytime and nighttime heat (Perkins and Alexander, 2013).. Research in the 

region has demonstrated that "the greenhouse effect of water vapor is the main driver of 

heatwaves in the western Sahel, increasing minimum temperatures by enhanced downward 

longwave radiation" (Oueslati et al., 2017), underscoring the importance of considering 

humidity in heat stress evaluations. 

1.6 Historical Characterization of Heatwaves in the Sahel 

1.6.1 Spatial Patterns 

Recent research indicates that the Sahel region endures some of the most severe heatwave 

conditions globally. According to Ragatoa et al. (2024), the Sahel experiences particularly high 

heatwave levels, with evidence of increasing heatwave intensity over time. This trend is 

concerning as the region is already characterized by extreme temperatures, with maximum 

temperatures in the Sahel frequently exceeding 45°C and minimum temperatures remaining 

high even at night (World Wealth Attribution, 2024). The seasonal cycle of heatwaves in the 

Sahel shows distinct patterns, with heat stress peaking in spring (March-May) before the 

monsoon season (Guigma, Todd, and Wang, 2020). This timing is significant as it coincides 

with pre-monsoon conditions when humidity begins to rise but before the cooling effects of 

monsoon rains.  

1.7 Future Projections of Heatwaves  

1.7.1 Climate Change Scenarios 

The literature consistently projects worsening heat conditions across the Sahel under future 

climate scenarios. The region is expected to experience temperature rises approximately 1.5 

times faster than the global average (USAID, 2024), making it a hotspot for climate change 

impacts. Under high-emission scenarios, parts of the Sahel could experience persistent and 

increased heating of up to ~6.5°C, significantly exceeding the estimated mean global 

temperature increase (Kwawuvi et al., 2023). 
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Projections for the long-term evolution of springtime heat waves (March-May) in West Africa 

under different climate scenarios suggest significant intensification. Analysis of observed and 

projected changes from 1950 to 2100 indicates a clear trend toward more frequent, longer-

lasting, and more intense heat events (Sambou et al., 2021). This trend is particularly 

pronounced in the Sahel region, where heatwave is projected to be most severe. Projections of 

future heatwaves in the Sahel region indicate a significant increase in both frequency and 

intensity due to ongoing climate change. The most optimistic scenario, based on Representative 

Concentration Pathway (RCP) 2.6, predicts that heatwaves lasting 15 days will become the 

norm by the end of the century (Muzenda, 2025). This alarming trend is supported by climate 

models that suggest extreme heat events are becoming more probable, with recent studies 

indicating that climate change has already made certain extreme heatwaves ten times more 

likely (Ngoungue Langue, Lavaysse and Flamant, 2025). Subseasonal forecasting models have 

shown promise for predicting the onset of heatwaves in West African cities up to two weeks in 

advance, thereby allowing for better preparedness and response measures (Ngoungue Langue 

et al., 2023). This is particularly crucial as the region faces an upward trend in the duration, 

intensity, and frequency of heatwaves, with the last decade (2012-2020) contributing 

significantly to the overall increase in heatwave characteristics compared to the earlier decade 

(Kunda, Gosling and Foody, 2024). Some researchers project more frequent droughts, driven 

by declining vegetation cover across the continent, which could exacerbate the effects of 

heatwaves (Slayi, Zhou and Jaja, 2024).  

➢ Physiological Limits and Adaptation Boundaries 

A particularly concerning aspect of future projections is the potential breach of physiological 

limits to adaptation. When wet-bulb temperatures exceed certain thresholds (approximately 

35°C), even healthy individuals cannot physiologically cool themselves through perspiration, 

potentially leading to fatal heat stress without artificial cooling. Studies indicate that under 

high-emission scenarios, parts of the Sahel could approach or exceed these critical thresholds 

during extreme heat events, creating conditions that are physiologically intolerable for 

extended periods. This raises fundamental questions about habitability and necessary 

adaptation measures in the region. 

➢ Population Exposure 

https://nhess.copernicus.org/articles/23/1313/2023/#bib1.bibx47
https://nhess.copernicus.org/articles/23/1313/2023/#bib1.bibx47
https://nhess.copernicus.org/articles/23/1313/2023/#bib1.bibx47
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The projected increase in extreme heat events across the Sahel poses serious challenges for 

population exposure, particularly in the absence of effective climate mitigation strategies. 

Without intervention, this densely inhabited region could face conditions of heat stress for 

nearly six months annually, intensifying vulnerability to climate-related health risks (Parkes, 

Buzan and  Huber, 2022). The interplay of rapid population growth, expanding urban centers, 

and rising temperatures will significantly heighten the number of individuals at risk. According 

to Ceccherini et al. (2017), analyses comparing observational and reanalysis data indicate that 

exposure to extreme heat is expected to surge across West Africa, particularly in regions like 

the Sahel. Recent projections also underscore the intergenerational burden of climate change, 

with children born in 2020 likely to experience four to six times more heatwave events than 

those born in the 1960s (Tesfaye, 2022). This raises urgent concerns about equity and justice, 

as future generations in vulnerable regions face increasingly severe climate impacts.. The 

health implications of these projected heatwaves are profound. As heatwaves grow more 

intense, the risks to vulnerable communities increase, with detrimental impacts on health 

infrastructure and public services (Alliance Sahel, 2024). Capacity-building efforts and robust 

climate risk management strategies are essential to prepare local authorities and communities 

for these anticipated changes (Deglon et al., 2025) 

1.8 Adaptation and Early Warning Systems 

In response to these challenges, there is growing emphasis on developing health early warning 

systems to reduce extreme temperature-related mortality in the Sahel. A heat health early 

warning system for the region aims to provide timely alerts and enable preventive measures 

during extreme heat events (USAID, 2024). However, the effectiveness of such systems 

depends on accurate forecasting, communication infrastructure, and community response 

capacity—all of which remain challenging in resource-constrained settings. Research on 

subseasonal forecasts of heat waves in West African cities suggests that there is potential for 

predictability that could inform early warning systems (Ngoungue Langue, Lavaysse and 

Flamant, 2025). However, the literature also reveals inconsistencies in heatwave definitions 

and measurements, which "tend to vary depending on the specific group affected or the study 

context" (Aderotoye, Zaitchik and Asare, 2024). Standardizing these definitions while 

accounting for local context is essential for effective monitoring and response. 

https://www.climatecentre.org/
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Introduction 

This chapter presents the methodology employed to carry out the objectives of the study. 

2.2 Study Area 

The West African Sahel extends longitudinally from Senegal in the west to northern Nigeria in 

the east as shown in Figure 5, forming a semi-arid transitional belt between the arid Sahara 

Desert to the north and the wetter Sudanian savannas to the south. Geographically, this zone 

lies approximately between 12°N and 18°N latitude and 15°W to 20°E longitude as defined by 

Omotosho and Abiodun (2007).  

The focus for this research cuts across the following five (5) countries with the following 

unique physiographic features: 

• Senegal includes the Ferlo region with sandy soils and sparse vegetation. 

• Mali features the Niger River Inner Delta, an essential seasonal wetland. 

• Burkina Faso is defined by plateaus and lowland plains with lateritic soils. 

• Niger contains expansive dune fields and rocky outcrops in the southern Sahel. 

• Northern Nigeria showcases savanna grasslands, punctuated by plateaus and 

inselbergs. 

The entire Sahelian band is characterized by flat to gently undulating terrain and sparse 

vegetation cover dominated by grasses, acacia trees, and drought-resistant shrubs (Sultan and 

Gaetani, 2016). This landscape creates a unique environmental context where climatic 

extremes are amplified by the region's physical geography and limited vegetation buffer. 

The Sahel experiences a semi-arid climate with pronounced seasonal contrasts. The climate is 

characterized by a short unimodal rainy season from June to September, driven by the 

northward movement of the Intertropical Discontinuity (ITD), and a long dry season from 

October to May, dominated by the dry and dusty Harmattan winds from the desert. Annual 

precipitation exhibits strong spatial gradients, ranging from approximately 150 mm in northern 

areas close to the Sahara to 600 mm in the southern fringe of the region. Temperature extremes 



  

  

 

14 

 

are common, with average daytime highs reaching over 40°C during the pre-monsoon months 

and significant diurnal temperature ranges (Sylla et al., 2018). 

Historically, the Sahel has experienced major climatic upheavals, with prolonged droughts in 

the 1970s–80s resulting in widespread famine, desertification, and displacement. Though 

precipitation patterns have shown some recovery, rainfall remains highly variable, and 

temperatures have steadily increased by 1–2°C over the last century. This warming trend has 

led to more frequent heat waves and unpredictable rainfall patterns (Giannini et al., 2008; 

Sultan and Gaetani, 2016). 

The Sahelian region is home to over 100 million people, primarily in rural communities relying 

on rain-fed agriculture and pastoralism. These climate-sensitive livelihoods are increasingly 

threatened by rainfall variability, soil degradation, and rising heat stress, which collectively 

compromise food security and incomes. The region's adaptive capacity is constrained by 

limited access to irrigation, weak infrastructure, inadequate weather information systems, and 

sociopolitical instability in several areas. Consequently, seasonal migration, livelihood 

diversification, and traditional ecological knowledge have become core resilience strategies 

among Sahelian communities (Morton, 2007; Ouédraogo, Dembélé and Somé, 2010). 

The West African Sahel represents a critical region for studying heatwaves due to its acute 

vulnerability to climate change and extreme weather conditions. The region's semi-arid 

conditions, low adaptive capacity, and high climate variability make it increasingly susceptible 

to intense and prolonged heatwaves linked to both natural climate variability and anthropogenic 

influences (Guigma, 2021). Climate models project that heatwave frequency and intensity in 

the Sahel will significantly increase under global warming scenarios, exacerbating socio-

economic vulnerabilities in a region already grappling with environmental stressors (Sambou 

et al., 2021). 

The Sahel functions as both an ecologically fragile and socially sensitive region, where climate-

induced heat stress intersects with food insecurity, migration, and conflict (Busby et al., 2014). 

Recent reviews emphasize that climate change impacts, including heatwaves, are more 

pronounced in the Sahel due to compounded effects such as droughts, biodiversity loss, and 

deforestation (N'gobi et al., 2022). This convergence of factors establishes the region as a 

"climate hotspot," making it both a relevant and urgent study area for heatwave research. 
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Moreover, localized studies have illustrated the unique vulnerability of Sahelian populations 

to heat-related hazards, emphasizing the need for targeted adaptation strategies (Sow and Gaye, 

2024). Given its climatic exposure, socio-economic fragility, and the projected escalation of 

heat extremes, the West African Sahel represents a vital geographic focus for understanding 

the multifaceted impacts of heatwaves under global climate change scenarios. 

 

Figure 5 The map of the West African Sahel region 

Source: Tambol, Vodounou and Moussa (2023)  

 

 

2.3 Data Description  

2.3.1 ERA5 Reanalysis 

Reanalysis datasets are frequently employed as substitutes for direct observational climate and 

weather data, especially in regions with limited observational coverage such as Africa, due to 

issues of availability and accessibility (Gleixner, Demissie and Diro, 2020). To obtain 

consistent climate information over large areas with uniform spatial resolution, this study 
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utilizes the ERA5 reanalysis—developed by the European Centre for Medium-Range Weather 

Forecasts (ECMWF)—which represents the fifth generation of ECMWF global atmospheric 

reanalyses (Hersbach et al., 2020). ERA5 offers hourly outputs of a wide array of atmospheric 

variables, provided at a spatial resolution of 0.25° × 0.25° and 137 vertical levels, extending 

from the surface up to 0.01 hPa. This high-resolution, bias-adjusted dataset enables detailed 

analysis of climate change effects at localized scales (Wu et al., 2020). 

For this study, ERA5 data covering the period from 1984 to 2014 were employed, specifically 

focusing on variables such as 2-meter air temperature and both daytime and nighttime 

extremes. ERA5 has been extensively applied in climate studies across Africa, including those 

by Barbier et al. (2018), Ngoungue Langue et al. (2023), and Engdaw et al. (2022), validating 

its utility for regional climate assessments. 

 

2.3.2 NASA NEX-GDDP  

To analyze both historical climate trends and future projections, this study employs the NASA 

Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) dataset. This dataset 

offers statistically downscaled outputs from eleven General Circulation Models (GCMs) that 

are part of the Coupled Model Intercomparison Project Phase 6 (CMIP6), providing data at a 

high spatial resolution of 0.25° (approximately 25 km) (see Table 1). The dataset is publicly 

available via NASA’s data portal at (  NEX-GDDP includes daily maximum and minimum 

temperature data for three distinct periods: the historical baseline (1984–2014), the near future 

(2030–2060), and the far future (2061–2091). These projections are provided under two Shared 

Socioeconomic Pathways: SSP2-4.5, representing a moderate-emissions scenario, and SSP5-

8.5, reflecting a high-emissions future (Jones and O’Neill, 2016). 



  

  

 

17 

 

Table 1 : GCM Models from CMIP6 Used in This Study and Their References 

Model 

number 

Model name Modeling center (country) Resolution 

(lon × lat) 

References Resolution 

1 ACCESS-CM2 Commonwealth Scientific and Industrial Research 

Organization (Australia) 

0.25 ×0.25 Bi et al. (2020) Daily 

2 ACCESS-

ESM1-5 

Commonwealth Scientific and Industrial Research 

Organization (Australia) 

0.25 ×0.25 Ziehn et al. (2020) Daily 

3 CMCC-ESM2 Euro-Mediterranean Center on Climate Change 

Foundation (Italy) 

0.25 ×0.25 Lovato et al. (2022) Daily 

4 EC-EARTH3 EC-EARTH consortium, Rossby Center, Swedish 

Meteorological and Hydrological Institute/SMHI 

(Sweden) 

0.25 ×0.25 Döscher et al. (2022) Daily 

5 EC-EARTH3-

Veg-LR 

EC-EARTH consortium, Rossby Center, Swedish 

Meteorological and Hydrological Institute/SMHI 

(Sweden) 

0.25 ×0.25 EC-Earth (2020)  Daily 

6 IPSL-CM6A-

LR 

Institut Pierre-Simon Laplace (France) 0.25 ×0.25 Boucher et al. (2020) Daily 

7 KIOST-ESM Korea Institute of Ocean Science and Technology, 

Korea Meteorological Administration (Republic of 

Korea) 

0.25 ×0.25 Lee, Wang, et al. (2020) Daily 

8 MIROC6 Japan Agency for Marine-Earth Science and 

Technology (Japan) 

0.25 ×0.25 Tatebe et al. (2019) Daily 

9 MPI-ESM1-2-

HR 

Max Planck Institute for Meteorology (Germany) 0.25 ×0.25 Müller et al. (2018) Daily 

10 MPI-ESM1-2-

LR 

Max Planck Institute for Meteorology (Germany) 0.25 ×0.25 Mauritsen et al. (2019) Daily 

11 MRI-ESM2-0 Meteorological Research Institute (Japan) 0.25 ×0.25 Yukimoto et al. (2019) Daily 
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2.4 Method of Analysis 

2.4.1 Model Evaluation  

This research employs Taylor diagrams, following the methodology established by Taylor 

(2001) and Yan et al. (2022), to assess the performance of eleven (11) climate models sourced 

from the NASA NEX-GDDP CMIP6 dataset. The Taylor diagram provides an intuitive 

framework for comparing the spatial patterns of model outputs, both in their original form and 

after post-processing, emphasizing their agreement with observational data. These diagrams 

simultaneously incorporate several assessment metrics: standard deviation, centered root mean 

square error (CRMSE), correlation coefficient, mean bias error (MBE), and mean absolute 

error (MAE) to quantify how well each model reproduces the observed data. 

Standard deviation of observations: 

𝜎𝑜𝑏𝑠 = √
1

𝑁
∑(𝑋𝑜𝑏𝑠𝑛 − 𝑋̅𝑜𝑏𝑠)2
𝑁

𝑛=1

 

           (Equation 1) 

Equation 1 calculates the variability in the observed data around its mean. It measures how 

spread out the observational values are from the average observed value. 

Standard deviation of the model:  

𝜎𝑚𝑜𝑑𝑒𝑙 = √
1

𝑁
∑(𝑋𝑛 − 𝑋̅)

2

𝑁

𝑛=1

 

           (Equation 2) 

Equation 2 measures the variability in the model-simulated data around its mean, indicating 

how much the model predictions vary from their average value. 

Centered root mean square error (CRMSE) is defined as:  

𝐶𝑅𝑀𝑆𝐸 = √
1

𝑁
∑[(𝑋𝑛 − 𝑋̅) − (𝑋𝑜𝑏𝑠𝑛 − 𝑋̅𝑜𝑏𝑠)]2
𝑁

𝑛=1

 

           (Equation 3) 

Equation 3 quantifies the magnitude of errors between the model and observed data after 

removing their respective means. It focuses on pattern differences rather than bias, making it 

particularly useful for evaluating how well models capture spatial or temporal variability. 
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Correlation coefficient (r) of the observed data and the model data  

𝑟 =
[
1
𝑁
∑ (𝑋𝑛 − 𝑋̅)
𝑁
𝑛=1 − (𝑋𝑜𝑏𝑠𝑛 − 𝑋̅𝑜𝑏𝑠)]

(𝜎𝑚𝑜𝑑𝑒𝑙 𝜎𝑜𝑏𝑠)
 

                      (Equation 4) 

Equation 4 measures the linear relationship between the model and observed data, ranging from 

-1 to 1. Values close to 1 indicate a strong positive correlation, while values near 0 suggest no 

linear relationship. 

Mean Bias Error (MBE): 

𝑀𝐵𝐸 = 1/𝑁∑(𝑋𝑛  −  𝑋𝑜𝑏𝑠𝑛)                              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) 

 

Equation 5 measures the average difference between model predictions and observations. 

Positive values indicate the model overestimates, while negative values indicate 

underestimation. This metric reveals systematic bias in the model. 

 

Mean Absolute Error (MAE): 

𝑀𝐴𝐸 = 1/𝑁∑|𝑋𝑛  −  𝑋𝑜𝑏𝑠𝑛|                                                 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

 

Equation 6 calculates the average magnitude of errors without considering their direction. It 

provides a measure of overall prediction accuracy, where lower values indicate better model 

performance. 

 

Taylor’s Diagram Relationship 

The central root mean square error, correlation coefficient, and standard deviation of the 

simulated and observed data follow the relationships in Equation 7, which constitute the 

fundamental component of the Taylor diagram:      

   CRMSE2 = 𝜎𝑜𝑏𝑠
2 + 𝜎𝑚𝑜𝑑𝑒𝑙

2 − 2 ⋅  𝜎𝑜𝑏𝑠  ⋅  𝜎𝑚𝑜𝑑𝑒𝑙  ⋅ 𝑟   

                    (Equation 7) 

This framework provides a concise summary of how well each model reproduces the observed 

climate variability.  

 

 



  

  

 

20 

 

2.4.2 Trend Analysis and Significance Testing 

The Mann–Kendall test (Mk)  represents a non-parametric statistical technique for detecting 

monotonic trends within time series datasets (Mann, 1945; Kendall, 1975; Wang et al., 2021). 

This approach was applied to detect discontinuities arising from non-homogeneous temporal 

sequences. Its distinctive feature is the lack of assumptions about data distribution, which has 

made it broadly adopted for trend analysis (Mondal et al., 2012). These characteristics have 

led to its extensive application in trend studies (Ilori and Ajayi, 2020; Arowolo and Oluleye, 

2022; Arowolo et al., 2025).  Its advantages include the elimination of normality requirements 

for the time series, the ability to handle datasets with missing values, and its resistance to the 

effects of outliers.  

The Mk statistics in Equation 8 are formulated as follows: 

 

𝐾 =∑∑𝑠𝑖𝑔𝑛(𝑥𝑖 − 𝑥𝑗)

𝑖−1

𝑗=1

𝑛

𝑖=1

 

          (Equation 8) 

Where: xi and xj =   values of the sequential generic data,  

 n =  data total length. 

Sign Test 

 sign (xi-xj) can be defined as;  

𝑠𝑖𝑔𝑛(𝑥𝑖 − 𝑥𝑗) =  {

1, 𝑖𝑓  𝑥𝑖 − 𝑥𝑗 > 0

0, 𝑖𝑓  𝑥𝑖 − 𝑥𝑗 = 0

−1, 𝑖𝑓  𝑥𝑖 − 𝑥𝑗 < 0

} 

          (Equation 9) 

Equation 9 function assigns +1 for increasing trends, 0 for no change, and -1 for decreasing 

trends between data pairs. 

 

Variance Calculation: 

The variance Var (S) in Equation 10 was calculated as follows when S statistic is approximately 

distributed with the E(S) mean  

𝑉𝑎𝑟(𝑆) =   (𝑛(𝑛 − 1)(2𝑛 + 5) −∑ 𝑡
𝑡
(𝑡 − 1)(2𝑡 + 5)) 

          (Equation 10) 
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Where t =   𝑎𝑛𝑦 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑒 𝑒𝑥𝑡𝑒𝑛𝑡 

 ∑ 𝑡 =  𝑠𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑖𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 

 n = Length of series 

The Z standardized test statistic Z is computed in Equation 11: 

Z =  

{
 
 

 
 

 

1,                          𝑖𝑓  𝐾 < 0
0,                          𝑖𝑓  𝐾 = 0
𝑆 + 1

√𝑉𝑎𝑟(𝑆)
, 𝑖𝑓  𝐾  0

}
 
 

 
 

 

 

          (Equation 11) 

When a dataset containing n variables exhibits random distribution with independence, absence 

of trend, and equal likelihood of ordering, the null hypothesis (H0) is accepted. The absolute 

value of the Z statistic (test statistic) is subsequently compared against the critical value Z(1 − 

p/2) at the p significance level to determine whether to reject or accept the H0 hypothesis. 

2.4.3 Ensemble Mean of Multi-Model 

To reduce individual model biases and uncertainties, the Multi-Model Ensemble Mean (MME) 

was computed by averaging across the selected models (Gleckler, Taylor and Doutriaux 2008; 

Knutti et al., 2010), as shown in Equation 12 

𝑀𝑀𝐸 =
1

𝑁
∑𝑋𝑖

𝑁

𝑖=1

 

          (Equation 12) 

Where:  

Xi is the output from the ith model 

N is the total Number of models 

The MME technique capitalizes on the advantages of individual climate models while 

minimizing the impact of their limitations. Through the process of combining multiple model 

outputs, the ensemble average delivers a more stable and dependable depiction of climatic 

parameters (Arowolo et al., 2025). The effectiveness of MME methods in climate forecasting 

has been extensively demonstrated. 

 

 

2.4.4   Heat Wave Indices and Definition 
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This study employed three distinct heat wave definitions following the methodology developed 

by Perkins and Alexander (2013) to characterize heat wave events across the West African 

Sahel region.  

The original model datasets for daily maximum temperature (TX) and daily minimum 

temperature (TN) underwent comprehensive pre-processing using Climate Data Operators 

(CDO) software. This pre-processing workflow was designed to ensure full compatibility with 

ClimPACT2 software requirements and followed the standardized procedures outlined by 

Perkins and Alexander (2013). The ClimPACT2 is an R software package that calculates the 

ET-SCI indices as well as additional climate extremes indices from data stored in text or 

netCDF files (Alexander and Herold, 2016). The output was then visualized using Python. 

The following three heat wave definitions were applied:  

(1) CTX90pct: A heat wave is identified when the daily maximum temperature (Tmax) exceeds 

the calendar day 90th percentile threshold for at least three consecutive days. The threshold is 

calculated based on a 15-day window centered on each calendar day using the 1981-2010 base 

period. (Perkins and Alexander, 2013)  

(2) CTN90pct: A heat wave is identified when the daily minimum temperature (Tmin) exceeds 

the calendar day 90th percentile threshold for at least three consecutive days. Similar to 

CTX90pct, thresholds are calculated using a 15-day running window centered on each day. 

(3) EHF (Excess Heat Factor): A heat wave is identified when the EHF is positive for at least 

three consecutive days. The EHF combines two indices: 

EHIaccl =  [(TMi +  TMi − 1 +  TMi − 2)/3] – [TMi − 3 + . . . + TMi − 32)/30]                 

                                                                                                                     (Equation 13) 

Equation 13 compares the 3-day average temperature with the preceding 30-day average, 

representing short-term acclimatization. 

EHIsig =  [(TMi +  TMi − 1 +  TMi − 2)/3]  −  TM90i                                                                

                                                                                                                    (Equation 14) 

Equation 14 component compares the 3-day average with the 90th percentile threshold, 

representing the climatological significance. 

EHF =  EHIsig × max(1, EHIaccl)                                                                                                 
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                                                                                                                  (Equation 15) 

where TMi represents the daily mean temperature (average of Tmax and Tmin) for day i, and 

TM90, i is the 90th percentile of the mean daily temperature in Equation 15. The use of calendar 

day percentiles with a running window allows these definitions to account for the seasonal 

cycle and climate variability specific to the West African Sahel region. 

2.4.5 Heat Wave Aspects 

For each heat wave definition, five aspects were calculated to comprehensively characterize 

heat wave events during the extended summer season 

(1) Heatwave Number (HWN): The count of distinct heat wave events occurring in each 

summer season. 

(2) Heatwave Frequency (HWF): The total number of days participating in heat wave events 

per season. 

(3) Heatwave Duration (HWD): The length (in days) of the longest heat wave event in each 

season. 

(4) Heatwave Cumulative Magnitude (HWM): The cumulative temperature departure above 

the applicable threshold during heat wave events within a season. 

(5) Heatwave Amplitude (HWA): The peak temperature (or temperature anomaly) of the 

hottest day during the hottest heat wave of each season. 
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Introduction 

This chapter presents the spatial heatwave characterization analysis for both historical and 

projected data and discusses their implications for understanding extreme temperature events 

in the study region. 

3.2 Model Evaluation 

The Taylor diagrams in Appendix A and summary of model performance statistics is presented 

in Table 2. Table 2 presents Taylor diagrams comparing observed and model-simulated data 

for maximum temperature (TX) and minimum temperature, respectively. These diagrams 

evaluate model performance using three statistical indicators: standard deviation (SD), 

correlation coefficient (R), and root mean square error (RMSE). The black star symbol on each 

diagram represents the reference observational dataset (ERA5), while the curved dashed line 

represents RMSE contours. The concentric green arcs indicate standard deviation, and the 

radial blue lines show correlation values. 

Table 2 reveals most models clustered around a correlation range of 0.76 to 0.85, with standard 

deviation values between 2.1 and 2.5. The MPI-ESM1-2-HR model performed best, showing 

a correlation of approximately 0.85, a standard deviation of 2.2, and RMSE of 0.9, closely 

mirroring the observed data. MRI-ESM2-0 and ACCESS-ESM1-5 also performed well, with 

correlation coefficients of 0.76–0.83 and moderate error metrics. 

Table 2  shows slightly improved correlation for most models, ranging between 0.78 and 0.87, 

with standard deviations generally close to the observed reference (2.4). MPI-ESM1-2-HR 

again had the best performance with a high correlation of 0.87, low standard deviation (2.1), 

and the lowest RMSE (0.8), suggesting strong agreement with ERA5. ACCESS-ESM1-5 and 

EC-Earth3 also demonstrated reasonably good performance. 
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Table 2 : Standard Deviation, Correlation Coefficient and Root Mean Square Error of 

Minimum and Maximum Temperatures from Taylor’s Diagram. 

Model Max 

Temp R2 

Max 

Temp SD 

Max Temp 

RMSE 

Min 

Temp R2 

Min 

Temp SD 

Min Temp 

RMSE 

ACCESS-

ESM1-5 

0.83 2.2 1.0 0.84 2.2 1.0 

EC-Earth3 0.82 2.5 1.2 0.82 2.5 1.2 

MPI-ESM1-

2-HR 

0.85 2.2 0.9 0.87 2.1 0.8 

MRI-ESM2-0 0.76 2.3 1.3 0.78 2.3 1.2 

 

3.3 Analysis  of Heatwave Characteristics over the  Sahel Region of West Africa 

a. Heatwave Number  

The spatial distribution of Heat Wave Number (HWN) across the study area reveals distinct 

patterns across the three thermal indices examined. For TX90 (Figure 6), observed values range 

from 1.0-1.9 events per year, with higher frequencies concentrated in the northern Sahel 

regions (Guigma et al., 2020). The ENSMEAN and individual climate models generally 

capture this spatial pattern, though ACCESS-ESM1-5 and EC-Earth3 show notable 

overestimation in the eastern regions, consistent with documented model biases in reproducing 

West African heat extremes (Sylla et al., 2018). 

TN90 analysis (Figure 7) demonstrates lower HWN values (0.50-1.58 events/year) compared 

to TX90 (Figure 21), indicating that consecutive warm nights are less frequent than consecutive 

hot days across the region. This pattern aligns with findings from similar arid climates where 

nighttime cooling allows heat dissipation despite extreme daytime temperatures (Oueslati et 

al., 2017). The MPI-ESM1-2-HR model shows better agreement with observations for TN90 

(Figure 7), while other models tend to underestimate nighttime heat wave frequency. 

The Excess Heat Factor (EHF) results (Figure 8) show intermediate values between TX90 and 

TN90, with the observed pattern ranging from 1.0-1.9 events annually. The models 
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demonstrate varying skill in reproducing EHF patterns, with EC-Earth3 showing substantial 

overestimation in eastern regions (Nairn and Fawcett, 2015). These model discrepancies 

highlight ongoing challenges in accurately simulating complex heat wave dynamics across the 

climatically diverse West African region (Sambou et al., 2021). 

 

Figure 6 : Characterization of heatwaves in the Sahel Region using HWN (Heat Wave Number) 

°C for daytime (TX90th percentile) from 1984 - 2014.  
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Figure 7 : Characterization of heatwaves in the Sahel Region using HWN (Heat Wave Number) 

°C for nighttime (TN90th percentile) from 1984 – 2014. 
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Figure 8 : Characterization of heatwaves in the Sahel Region using HWN (Heat Wave Number) 

°C for excess heat factor (EHF) from 1984 - 2014.  

b. Heatwave Frequency  

The heatwave frequency analysis across the Sahel region reveals distinct spatial and temporal 

patterns under different characterization methods. The TX90 analysis (Figure 9) reveals 

daytime heatwave frequencies between 0-9, with observed data indicating moderate 

frequencies of 2-5 across most regions. Model performance varies significantly, with some 

models underestimating frequencies in southern areas while overestimating in northern zones, 

highlighting the challenges in accurately representing heatwave characteristics across the 

climatically diverse Sahel region. Under the TN90 threshold (Figure 10), nighttime heatwave 

frequencies range from 3.0 to 6.6, with observed data displaying lower frequencies in central 

areas and higher values in peripheral regions. The model ensemble shows considerable 

variation, with ACCESS-ESM1-5 demonstrating pronounced overestimation in northern areas. 

EC-Earth3 presents contrasting spatial patterns compared to observations, while MPI-ESM1-

2-HR and MRI-ESM2-0 show mixed performance across the domain. 

For the EHF metric (Figure 11), heatwave frequency values range from 1 to 10, with observed 

data showing moderate frequencies of 3-6 across most areas, while climate models demonstrate 

varying performance. The ENSMEAN and ACCESS-ESM1-5 models show higher frequencies 

in the northern Sahelian zones, consistent with the region's arid characteristics. EC-Earth3 and 

MPI-ESM1-2-HR exhibit similar patterns with elevated frequencies in northeastern areas, 

reflecting the climatic gradient from humid southern regions to dry northern zones. 
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Figure 9 : Characterization of heatwaves in the Sahel Region using HWF (Heat Wave Frequency) 

°C for daytime (TX90th percentile) from 1984 - 2014.  
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Figure 10 Characterization of heatwaves in the Sahel Region using HWF (Heat Wave Frequency) 

°C for nighttime (TN90th percentile) from 1984 - 2014.  

 

Figure 11 Characterization of heatwaves in the Sahel Region using HWF (Heat Wave Frequency) 

°C for excess heat factor (EHF) from 1984 - 2014.  

c. Heatwave Amplitude  

The three figures reveal distinct heatwave patterns across the Sahel region, with varying model 

performances in capturing observed climate dynamics. The observed data consistently 

demonstrate a pronounced north-south gradient, where northern Sahelian areas experience the 

most severe heatwave conditions while southern regions show relatively moderate intensities. 

For daytime heatwaves (Figure 12), the observed data display HWA values ranging from 30-

48°C, with northern regions reaching extreme temperatures above 46°C. The ENSMEAN 

effectively captures this spatial pattern, though with slightly enhanced amplitude across the 

central belt. Among individual models, ACCESS-ESM1-5 and MRI-ESM2-0 closely replicate 

the observed gradient, while EC-Earth3 and MPI-ESM1-2-HR show reasonable agreement but 

with some overestimation in northern areas. 
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Nighttime heatwaves (Figure 13) exhibit a more compressed range of 24-33°C, with the 

observed data showing moderate intensities across most of the region. The ENSMEAN 

maintains good correspondence with observations, particularly in the central Sahel. ACCESS-

ESM1-5 demonstrates exceptional accuracy in reproducing the observed nighttime patterns, 

while EC-Earth3 shows notable warming bias in northern regions. 

The Excess heat factor (EHF) Figure 14  reveals minimal threat levels in observed data, with 

values predominantly below 3°C across the region. However, ACCESS-ESM1-5 and MRI-

ESM2-0 significantly overestimate EHF values, suggesting potential model limitations in 

representing combined intensity-duration effects. These discrepancies highlight the importance 

of model selection for regional climate impact assessments and adaptation planning strategies. 

Figure 12  Characterization of heatwaves in the Sahel Region using HWA (Heat Wave Amplitude) 

°C for daytime (TX90th percentile) from 1984 - 2014.  
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Figure 13 : Characterization of heatwaves in the Sahel Region using HWA (Heat Wave Amplitude) 

°C for nighttime (TN90th) from 1984 - 2014.  
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Figure 14 : Characterization of heatwaves in the Sahel Region using HWA (Heat Wave Amplitude) 

°C for excess heat factor (EHF) from 1984 - 2014.  

d. Heatwave Duration  

For Heatwave Duration (HWD) analysis across the Sahel region (Figures 15-17), the observed 

data reveals distinct spatial patterns for nighttime (TN90), daytime (TX90), and excess 

heatwave factor (EHF) metrics. For daytime heatwave duration (TX90) (Figure 15), the 

observed pattern demonstrates more pronounced spatial variability, with northern regions 

experiencing 4-6 days of continuous heatwave conditions, while southern areas record shorter 

durations of 3-4 days. This distribution highlights the vulnerability of northern Sahel 

populations to extended daytime heat exposure, potentially impacting agricultural productivity 

and human health. Under nighttime conditions (TN90), (Figure 16) the observed data shows 

predominantly 3-4 days of heatwave duration across most of the region, with slightly elevated 

values (4-5 days) in specific northern areas. The central and southern portions generally 

experience shorter durations, indicating less severe nighttime heat stress compared to northern 

territories. 

 

Regarding model performance, ACCESS-ESM1-5 shows reasonable agreement with observed 

patterns for both nighttime and daytime analyses, though it tends to slightly overestimate 

durations in certain regions. EC-Earth3 demonstrates significant overestimation, particularly 

in the northern areas, where it projects 5-6 days compared to the observed 3-4 days. MPI-

ESM1-2-HR exhibits mixed performance, showing good correlation in some areas but 

overestimating in others. MRI-ESM2-0 consistently underestimates heatwave durations across 

the region. 

The excess heatwave factor (Figure 17)  analysis reveals that observed conditions range 

between 4-6 days across most areas, with EC-Earth3 and MPI-ESM1-2-HR showing notable 

overestimation, while MRI-ESM2-0 significantly underestimates the intensity of extreme heat 

events throughout the Sahel region. 

. 
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Figure 15 : Characterization of heatwaves in the Sahel Region using HWD (Heatwave Duration) 

°C for daytime (TX90) from 1984 - 2014.  

Figure 16: Characterization of heatwaves in the Sahel Region using HWD (Heatwave Duration) 
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°C for nighttime (TN90) from 1984 - 2014.  

 

Figure 17 : Characterization of heatwaves in the Sahel Region using HWD (Heatwave Duration) 

°C for Excess Heat Factor (EHF) from 1984 - 2014.  

e. Heatwave Magnitude  

Looking at the heatwave magnitude (HWM) analysis across the Sahel region, three distinct 

patterns emerge from the model comparisons with observed data. 

Daytime heatwave conditions (Figure 18) exhibit significantly higher magnitudes, with 

observed values ranging from 27°C to 45°C. The models show remarkable consistency in 

replicating both the spatial distribution and intensity patterns, suggesting robust representation 

of daytime extreme temperature processes. All models capture the pronounced north-south 

gradient and the localized hotspots effectively. 

For nighttime conditions (Figure 19), the observed HWM values range from approximately 

23°C in the southern portions to 28°C in the northern Sahel, following the expected latitudinal 

temperature gradient. This spatial distribution reflects the region's position between the more 

humid Sudanian zone and the arid Saharan influences. The ensemble mean and individual 
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models (ACCESS-ESM1-5, EC-Earth3, MPI-ESM1-2-HR, and MRI-ESM2-0) demonstrate 

reasonable agreement with observations, maintaining similar spatial patterns while showing 

slightly elevated intensities across the domain. 

However, the Excess Heat Factor (Figure 20) analysis reveals notable discrepancies between 

models and observations. The observed EHF values remain below 1.0 across most of the Sahel, 

indicating relatively moderate heatwave impact factors. While MPI-ESM1-2-HR and MRI-

ESM2-0 approximate the observed low-impact scenario, other models, including ACCESS-

ESM1-5 and EC-Earth3, significantly overestimate EHF values, reaching above 2.0-3.0 in 

some regions, potentially indicating systematic biases in their representation of heatwave 

persistence and cumulative effects. 

 

Figure 18 : Characterization of heatwaves in the Sahel Region using HWM (Heat Wave 

Magnitude) °C for daytime heatwave (TX90) from 1984 - 2014.  
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Figure 19 : Characterization of heatwaves in the Sahel Region using HWM (Heat Wave 

Magnitude) °C for nighttime heatwave (TN90) from 1984 - 2014. 
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Figure 20 : Characterization of heatwaves in the Sahel Region using HWM (Heat Wave 

Magnitude) °C for nighttime heatwave (EHF) from 1984 - 2014.  

 

3.4 Trend Analysis of Heatwave Characteristics 

a. Heatwave Number Trend 

A mixed pattern of positive and negative trends was observed for HWN_TX90 (Figure 21) 

across different regions of the country. The results obtained with models ACCESS-ESM1-5 

and EC-Earth3 showed strong positive trends primarily in the northern regions, while model 

MPI-ESM1-2-HR displayed negative trends in the southern areas, indicating significant model 

disagreement for maximum temperature-based heatwave events. This discrepancy suggests 

potential model biases in simulating daytime heat extremes over the Sahel, consistent with 

findings by Oueslati et al. (2017), who identified challenges in capturing Sahelian heat wave 

mechanisms. The HWN_TN90 (Figure 22) exhibited a strong positive significant trend over 

the northern area, and moderate trends in the central regions. Most models overestimated the 

results by showing increased trends across the country, particularly ACCESS-ESM1-5 and EC-

Earth3, while the model MPI-ESM1-2-HR showed contrasting patterns with negative trends in 

the southern areas.  

A statistically significant positive trend was observed over the northern area for HWN_EHF 

(Figure 23). The ensemble mean showed moderate positive trends, while models such as 

ACCESS-ESM1-5 and EC-Earth3 overestimated the results by displaying strong positive 

trends across most regions, and the model MPI-ESM1-2-HR underestimated the results with 

weaker positive trends in the northern areas and negative trends in the southern regions. The 

trend in HWN varies significantly across different temperature indices, with nighttime 

minimum temperatures (TN90) showing the strongest positive trends, followed by the Excess 

Heat Factor (EHF), while daytime maximum temperatures (TX90) exhibit more spatially 

heterogeneous patterns. This indicated that the number of heatwave events is more pronounced 

during nighttime conditions, causing greater impacts on human health and comfort. This aligns 

with the dry climate characteristics of the Sahel, where nocturnal cooling typically prevents 

consecutive warm nights despite extreme daytime conditions (Guigma et al., 2020). 
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Figure 21 : Trend analysis of heatwaves for HWA (Heat Wave Number) °C for daytime (TX90) 

from 1984 - 2014. Black indicates statistical significance of trends at the 5%. 
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Figure 22 : Trend analysis of heatwaves for HWA (Heat Wave Number) °C for nighttime (TN90) 

from 1984 - 2014. Black indicates statistical significance of trends at the 5%. 

 

Figure 23 Trend analysis of heatwaves for HWA (Heat Wave Number) °C for excess heat factor 

(EHF) from 1984 - 2014. Black indicates statistical significance of trends at the 5%. 

 

b. Heatwave Duration 

The HWD_TX90 analysis (Figure 24) presents a markedly different pattern compared to 

nighttime temperatures in the historical record. The observed data shows significant negative 

trends across the central and southern Sahel, with dotted areas indicating statistical 

significance. The ensemble mean maintains relatively neutral conditions across most of the 

region. Among the individual historical model simulations, ACCESS-ESM1-5 shows strong 

positive trends in the northern sections while displaying negative trends in parts of the south. 

EC-Earth3 demonstrates predominantly negative trends across the central regions, contrasting 

with the more uniform positive trends exhibited by MPI-ESM1-2-HR across the northern and 

central areas. 

The spatial distribution of HWD_TN90 trends (Figure 25) reveals a complex pattern of 
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historical temperature extremes across the Sahel region. The observed data demonstrate 

predominantly negative trends (blue coloration) across central and southern portions of the 

study area, with some positive trends evident in the northern and eastern sections. The 

ensemble mean (ENSMEAN) shows a relatively neutral to slightly positive trend across most 

of the region. However, the historical climate model simulations exhibit considerable variation 

in their representation of past trends. ACCESS-ESM1-5 displays strong positive trends (red 

coloration) particularly in the southern and eastern areas, while EC-Earth3 shows mixed 

patterns with both positive and negative trends across different sub-regions. The MPI-ESM1-

2-HR model presents more moderate positive trends with spatial heterogeneity. 

The HWD_EHF metric (Figure 26) reveals the most pronounced discrepancies between 

observed and simulated historical trends across the Sahel region. The observed data indicates 

significant negative trends in the central regions, with statistical significance marked by dotted 

patterns. However, the ensemble mean shows predominantly positive trends across the 

majority of the study area. All three individual historical climate model simulations (ACCESS-

ESM1-5, EC-Earth3, and MPI-ESM1-2-HR) reproduce strong positive trends with high 

statistical significance across most of the region, as evidenced by the extensive red coloration 

and dotted patterns indicating significance. 

The comparative analysis across the three HWD metrics reveals important discrepancies 

between observed historical trends and model simulations across the Sahel region. While 

observed data generally indicates decreasing heat wave durations in the historical period, 

particularly for nighttime and daytime temperature extremes, the climate models consistently 

simulate increasing trends, especially pronounced in the EHF metric. This divergence 

highlights the challenges climate models face in accurately reproducing historical temperature 

extreme patterns in semi-arid regions and suggests systematic biases in model representation 

of Sahel climate dynamics (Sanogo et al., 2015). The more pronounced model-observation 

discrepancies in the EHF metric, which combines both daytime and nighttime temperatures, 

suggest that the compound effects of temperature extremes are particularly challenging for 

models to simulate accurately in this region's historical climate record (Hulme, 2001). 

These findings underscore the importance of model evaluation and bias correction in the Sahel 

region, where climate model accuracy is crucial for understanding past climate variability and 

informing future climate projections.  
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Figure 24 : Trend analysis of heatwaves for HWD (Heatwave Duration)  for daytime (TX90) from 

1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 

 



  

  

 

43 

 

Figure 25 : Trend analysis of heatwaves for HWD (Heatwave Duration)  for nighttime (TN90) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%.

 

Figure 26 : Trend analysis of heatwaves for HWD (Heatwave Duration)  for excess heat factor 

(EHF) from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 

5%. 

c. Heatwave Frequency 

The heat wave frequency analysis based on different temperature metrics reveals distinct 

spatial patterns across the study region. The HWF (TX90) analysis (Figure 27) demonstrates a 

predominantly negative trend in observed data across much of the western and central portions 

of the study area, with some positive trends evident in the southeastern regions. The ensemble 

mean (ENSMEAN) exhibits contrasting patterns, with positive trends prevailing in the northern 

areas and negative trends in the southern regions. Among the climate models, ACCESS-ESM1-

5 exhibits strong positive trends throughout most of the domain, while EC-Earth3 displays a 

more complex pattern with both positive and negative trends distributed across different zones. 

The MPI-ESM1-2-HR model shows predominantly negative trends in the central and southern 

areas with some positive trends in the northern regions. 
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The HWF (TN90) results (Figure 28) present a markedly different pattern compared to the 

maximum temperature-based analysis. Observed data indicate widespread negative trends 

across the majority of the study area, with the ensemble mean showing positive trends 

concentrated in the eastern and central regions. ACCESS-ESM1-5 consistently projects strong 

positive trends across the entire domain, demonstrating the model's tendency toward increased 

nighttime heat wave frequency. EC-Earth3 exhibits a mixed pattern with positive trends in the 

northern areas and negative trends in the southern regions, while MPI-ESM1-2-HR shows 

predominantly negative trends with some localized positive areas in the western portions. 

The excess heat factor analysis (HWF EHF) (Figure 29) reveals yet another distinct spatial 

distribution pattern. The observed data shows negative trends dominating the western and 

central areas, with positive trends more prominent in the eastern regions. The ensemble mean 

indicates strong positive trends across the northern half of the domain, transitioning to more 

moderate values in the southern areas. ACCESS-ESM1-5 maintains its pattern of widespread 

positive trends, while EC-Earth3 shows a gradient from positive trends in the north to negative 

trends in the south. MPI-ESM1-2-HR demonstrates predominantly negative trends in the 

central and southern regions, with some positive trends in the northern areas. 

The comparison between these three heat wave frequency metrics reveals important differences 

in how various temperature thresholds respond to climate change across the region. The 

nighttime temperature-based analysis (TN90) generally shows more pronounced positive 

trends in the model projections compared to the daytime maximum temperature metric (TX90), 

suggesting that nighttime warming may be more significant than daytime warming in this 

region. This finding aligns with previous research indicating that nighttime heat waves pose 

particular risks to human health and agricultural systems, as they prevent the natural cooling 

that typically occurs during evening hours. 
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Figure 27 : Trend analysis of heatwaves for HWF (Heatwave Frequency)  for daytime (TX90) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 
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Figure 28 : Trend analysis of heatwaves for HWF (Heatwave Frequency)  for nighttime (TN90) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 

 

Figure 29 : Trend analysis of heatwaves for HWF (Heatwave Frequency)  for excess heat factor 

(EHF) from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 

5%. 

d. Heatwave Amplitude 

Based on the statistical analysis using the Mann-Kendall test with a significance level of 0.05, 

the spatial distribution maps reveal distinct patterns in heatwave area (HWA) trends across the 

study region. The dotted areas in the figures indicate locations where trends are statistically 

significant. 

For HWA_TX90 (Figure 30), observed data demonstrates a predominantly negative trend 

across most of the study area, with statistically significant cooling patterns evident in the central 

and southern regions. The ENSMEAN model shows modest positive trends, while individual 

climate models exhibit varying responses. ACCESS-ESM1-5 displays strong positive trends 

with significant warming in the southern portions, contrasting with EC-Earth3 and MPI-ESM1-
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2-HR models, which show more moderate positive trends with scattered significance patterns 

across the domain. 

The HWA_TN90 analysis (Figure 31) reveals a different spatial pattern, with observed data 

showing mixed trends that are generally less pronounced than the TX90 results. The 

ENSMEAN exhibits slight positive tendencies, while ACCESS-ESM1-5 demonstrates notable 

positive trends with statistical significance concentrated in the central and southern areas. EC-

Earth3 shows a more heterogeneous pattern with both positive and negative trends, and MPI-

ESM1-2-HR displays moderate positive trends with limited statistical significance. 

HWA_EHF (Figure 32) presents the most complex spatial distribution among the three metrics. 

Observed data indicate predominantly negative trends in the northern regions, with some 

positive trends in the south. The ENSMEAN shows consistent positive trends across most of 

the domain. ACCESS-ESM1-5 exhibits strong positive trends with widespread statistical 

significance, particularly in the northern and central regions. EC-Earth3 demonstrates mixed 

patterns with both positive and negative trends, while MPI-ESM1-2-HR shows moderate 

positive trends with scattered significance. 

The comparison across these three heatwave definitions reveals that historical models generally 

suggest increasing heatwave areas, contrasting with observed negative trends in some metrics. 

The spatial coherence of trends varies considerably between the different heatwave definitions, 

with EHF-based trends showing the most spatial variability. These findings highlight the 

importance of considering multiple heatwave metrics when assessing regional climate change 

impacts, as different definitions capture distinct aspects of extreme. 
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Figure 30 : Trend analysis of heatwaves for HWA (Heatwave Amplitude)  for daytime (TX90th) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 
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Figure 31 : Trend analysis of heatwaves for HWA (Heatwave Amplitude) for nighttime (TN90th) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 

 

Figure 32 :Trend analysis of heatwaves for HWA (Heatwave Amplitude)  for Excess Heat Factor 

(EHF) from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 

5%. 

e. Heatwave Magnitude 

The HWM_TX90 (Figure 33) revealed a statistically significant downward trend 

predominantly across the southwestern and central regions of the study area, with notable 

positive trends observed in the northern sections. The ensemble mean (ENSMEAN) 

demonstrated mixed spatial patterns, while individual models showed varying responses. 

ACCESS-ESM1-5 exhibited strong negative trends in the southern regions with positive 

anomalies in the north, EC-Earth3 displayed predominantly negative trends with localized 

positive areas, and MPI-ESM1-2-HR showed more spatially heterogeneous patterns with both 

positive and negative trends distributed across the domain. 

The HWM_TN90 (Figure 34) displayed contrasting spatial patterns with statistically 
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significant positive trends dominating the northern and eastern portions of the study region, 

while negative trends were concentrated in the southwestern areas. The observed data showed 

clear latitudinal gradients, with the ensemble mean capturing similar spatial distributions. 

Among the models, ACCESS-ESM1-5 demonstrated strong agreement with observations in 

the northern regions, while EC-Earth3 and MPI-ESM1-2-HR showed varying degrees of 

spatial coherence with mixed positive and negative trends across different geographical zones. 

The HWM_EHF (Figure 35) exhibited predominantly negative trends across most of the study 

domain, with statistically significant cooling patterns observed in the central and southern 

regions. Positive trends were limited to specific northern and eastern locations. The ensemble 

mean reflected these spatial patterns, while individual models showed considerable variability. 

ACCESS-ESM1-5 displayed strong negative trends in the southern areas with some positive 

anomalies in the northeast, EC-Earth3 showed mixed spatial patterns with both warming and 

cooling trends, and MPI-ESM1-2-HR demonstrated more uniform negative trends across the 

majority of the study region. 

The heatwave magnitude results indicate complex regional variations in extreme temperature 

patterns, with differences between minimum and maximum temperature indices suggesting 

varying underlying mechanisms driving heat extremes. These findings align with regional 

climate studies that highlight the importance of understanding local-scale variations in extreme 

temperature events for effective climate adaptation planning and risk assessment strategies 

(Guigma et al., 2021) 
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Figure 33 : Trend analysis of heatwaves for HWM (Heatwave Magnitude)  for daytime (TX90th) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%. 
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Figure 34 : Trend analysis of heatwaves for HWM (Heatwave Magnitude)  for nighttime (TN90th) 

from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 5%.

 

Figure 35 : Trend analysis of heatwaves for HWM (Heatwave Magnitude)  for Excess Heat Factor 

(EHF) from 1984 – 2014, days/decade. Black indicates statistical significance of trends at the 

5%. 

 

3.5 Future Projection of Heatwave Characteristics 

a. Heatwave Amplitude 

The HWA_EHF projections (Figure 36) demonstrate minimal changes in the near future (2030-

2060) under both SSP245 and SSP585 scenarios, with values remaining largely stable across 

the region. However, the far future (2061-2091) presents a stark contrast, particularly under 

SSP585, where the northern and central portions of the Sahel experience dramatic increases 

reaching 2.7°C. Under SSP245, the far future shows more moderate increases of 0.4°C to 

1.2°C, primarily concentrated in the central regions. This pattern suggests that while SSP245 

allows for gradual adaptation strategies, SSP585 would require immediate and comprehensive 

intervention measures to address the severe heat amplification. 
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The HWA_TN90 results (Figure 37) reveal a progressive intensification of nighttime heat 

extremes. The near future under SSP245 shows moderate warming (29-32°C) across the 

northern regions, while SSP585 exhibits minimal change. The far future projections indicate 

substantial warming under both scenarios, with SSP245 showing temperatures reaching 31-

34°C in the northern areas, and SSP585 displaying extreme conditions with temperatures 

exceeding 35°C across extensive portions of the region. This nighttime warming pattern is 

particularly concerning as it eliminates the natural cooling relief that typically occurs after 

sunset, compounding health risks by preventing physiological recovery from daytime heat 

stress, consistent with findings by Oueslati et al. (2017) and Russo et al. (2014). 

The HWA_TX90 projections (Figure 38) show the most dramatic changes, with the near future 

(2030-2060) under SSP245 exhibiting moderate increases in the northern regions (43-45°C), 

while SSP585 remains relatively stable. The far future (2061-2091) presents severe warming 

under both scenarios, with SSP245 showing temperatures reaching 45-47°C in the northern 

areas, and SSP585 demonstrating extreme conditions exceeding 49°C across significant 

portions of the region. The spatial distribution reveals a clear northward intensification 

gradient, with the most severe impacts concentrated in the northern Sahel. 

The SSP245 scenario, while still challenging, offers more manageable increases that could 

accommodate phased adaptation approaches. The intensification of both daytime and nighttime 

temperatures under these scenarios poses significant risks to public health, agricultural 

productivity, and infrastructure resilience across the region, as noted in studies examining West 

African climate extremes by Odoulami et al. (2017). 
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Figure 36 Projection of heatwaves over Sahel for HWA (Heat Wave Amplitude) °C for EHF for 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 37 : Projection of heatwaves over Sahel for HWA (Heat Wave Amplitude) °C for TN90 

for near future, 2030-2060,  and far future, 2061 – 2091. 

 

Figure 38 : Projection of heatwaves over Sahel for HWA (Heat Wave Amplitude) °C for TX90 

for near future, 2030-2060,  and far future, 2061 – 2091. 

 

b. Heatwave  Duration (HWD) 

For HWD_EHF (Figure 39) the near future projections (2030-2060) show moderate increases 

under both SSP245 and SSP585 scenarios. Under SSP245, the northern regions exhibit values 

predominantly in the 6.0-7.4 day range, while SSP585 shows minimal projected changes with 

most areas remaining below 6.0 days. However, the far future projections (2061-2091) present 

a stark contrast. Under SSP245, HWD_EHF increases substantially across the region, with 

values reaching 9.5-12.3 days in the northern and eastern areas. The most dramatic changes 

occur under SSP585, where the entire region experiences significant increases, with central 

and southern areas reaching extreme levels of 10.9-12.3 days, indicating that the cumulative 

impact of high daytime and nighttime temperatures will be severe by the end of the century, as 

highlighted by Dimitriadou et al. (2021). 
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The HWD_TN90 (Figure 40) projections reveal a moderate rise in the near future under both 

scenarios, with SSP245 showing values of 5.0-6.0 days across most of the region, while 

SSP585 exhibits minimal change. In the far future, SSP245 projects increases to 6.0-7.0 days 

in northern areas, representing a still-manageable trend for adaptation. However, SSP585 

shows more concerning projections, with southern and eastern regions experiencing increases 

to 8.0-9.5 days, creating conditions where heat stress would become critical due to sustained 

high nighttime temperatures. This higher nighttime HWD is particularly pressing as it suggests 

limited cooling opportunities, increasing mortality risks among vulnerable populations, 

consistent with findings by Guigma et al. (2020). 

For HWD_TX90 (Figure 41), the near future projections under both scenarios show moderate 

increases, with SSP245 displaying values of 3.0-5.1 days and SSP585 showing minimal change 

across most areas. The far future projections under SSP245 indicate a gradual rise to 5.8-7.9 

days, with northern regions showing slightly higher values. Under SSP585, the increases 

become more pronounced, with central and southern areas reaching 6.5-8.6 days, and some 

localized areas exceeding 9.0 days. These prolonged daytime heatwaves heighten agricultural 

and water demands, reduce crop yields, and increase the likelihood of droughts, echoing 

concerns raised by Boureima et al. (2017) on climate-induced drought risks in West African 

agriculture. 

Each metric demonstrates a steeper increase in HWD by 2061-2091, highlighting the 

cumulative impacts of climate change on heatwaves over time. SSP585 consistently projects 

more intense and prolonged heatwave days than SSP245 across all three metrics, indicating 

that high-emission scenarios will lead to more extreme heat stress. The spatial patterns reveal 

that while northern regions generally show higher baseline values, the southern and central 

areas experience the most dramatic relative increases under the high-emission scenario, 

suggesting a regional shift in heat stress patterns that would require comprehensive adaptation 

strategies across the entire Sahel region. 
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Figure 39 : Projection of heatwaves over Sahel for HWD (Heatwave Duration) °C for EHF for 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 40 : Projection of heatwaves over Sahel for HWD (Heatwave Duration) °C for TN90 for 

near future, 2030-2060,  and far future, 2061 – 2091. 

Figure 41 : Projection of heatwaves over Sahel for HWD (Heatwave Duration) °C for TX90 for 

near future, 2030-2060,  and far future, 2061 – 2091. 

c. Heatwave Frequency 

Based on the spatial projection results for the Sahel region, the heatwave frequency (HWF) 

analysis reveals distinct patterns across different climate scenarios and temporal periods. 

For the near future projections (2030-2060), the HWF_EHF analysis (Figure 42) shows 

remarkably similar patterns between SSP245 and SSP585 scenarios, with both displaying 

uniform low frequencies (approximately 5.0 days per year) across the entire Sahel region. This 

suggests minimal differentiation between moderate and high emission scenarios in the 

immediate decades ahead. However, the far future projections (2061-2091) reveal dramatic 

divergence between the two scenarios. Under SSP245, heatwave frequency increases 

substantially, particularly in the eastern regions where values reach 15-18.5 days per year, 

while western areas experience more moderate increases of 12-15 days per year. The SSP585 

scenario presents a contrasting pattern with generally lower frequencies (6.5-11 days per year) 
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but more uniform distribution across the region, suggesting different heat accumulation 

mechanisms under extreme emission conditions. 

The HWF_TN90 (Figure 43) projections demonstrate similar temporal patterns but with 

different magnitude scales. Near future projections under both scenarios remain consistently 

low (approximately 3.0 days per year) across the Sahel region. The far future projections show 

SSP245 developing a pronounced west-to-east gradient, with eastern regions experiencing the 

highest nighttime heatwave frequencies (11-13.8 days per year) while western areas maintain 

more moderate levels (7-9 days per year). Under SSP585, nighttime heatwave frequency 

remains more spatially uniform but at intermediate levels (5-7 days per year), indicating that 

extreme emission scenarios may lead to different atmospheric dynamics affecting nighttime 

temperature patterns. 

The HWF_TX90 (Figure 44) analysis reveals the most pronounced scenario-dependent 

differences. Near future projections again show minimal variation between scenarios and 

across space. However, the far future projections under SSP245 exhibit a clear latitudinal 

gradient with northern regions experiencing the highest daytime heatwave frequencies (13-16.4 

days per year) declining southward to approximately 8-10 days per year. The SSP585 scenario 

shows a more complex spatial pattern with moderate frequencies (6-8 days per year) but 

notable east-west variability, suggesting that extreme emission pathways may alter regional 

atmospheric circulation patterns, affecting daytime heat accumulation as noted by Engdaw et 

al. (2022), who documented increasing heat wave trends across Africa using observational 

data.  
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Figure 42 : Projection of heatwaves over Sahel for HWF (Heatwave Frequency) °C for EHF for 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 43 : Projection of heatwaves over Sahel for HWF (Heatwave Frequency) °C for TN90 for 

near future, 2030-2060,  and far future, 2061 – 2091. 

 

Figure 44 : Projection of heatwaves over Sahel for HWF (Heatwave Frequency) °C for TX90 for 

near future, 2030-2060,  and far future, 2061 – 2091. 

d. Heatwave Magnitude 

The near future projection of HWM_EHF (Figure 45) showed relatively minimal increases 

across the Sahel under both SSP245 and SSP585 scenarios. Under SSP245, the region exhibits 

modest increases ranging from 0.1°C to 0.31°C, with slightly higher values concentrated in the 

western areas. The SSP585 scenario demonstrates even more subdued changes during this 

period, with most areas showing negligible increases in heatwave magnitude. The far future 

projections (2061-2091) reveal a dramatically different scenario, with substantial increases in 

HWM_EHF across the Sahel region. Under SSP245, the increase ranges from 0.17°C to 

0.38°C, with a notable north-south gradient where northern areas experience higher 

magnitudes. The SSP585 scenario projects extreme increases, with values reaching 0.45°C to 

0.73°C in the northern regions, representing a significant escalation in heatwave intensity 

compared to the moderate emission pathway. 
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The near-future projection of HWM_TN90 (Figure 46) showed that nighttime heatwave 

magnitudes remained relatively stable across the Sahel under both scenarios. SSP245 exhibits 

localized increases primarily in the western coastal areas, with values ranging from 30°C to 

32°C, while most inland areas show minimal change. Under SSP585, the region demonstrates 

even more constrained increases during this period. The far future HWM_TN90 projections 

(2061-2091) indicate a pronounced intensification of nighttime heatwave conditions. Under 

SSP245, the Sahel experiences moderate increases, with values ranging from 28°C to 31°C, 

particularly pronounced in the northern and eastern regions. The SSP585 scenario projects 

extreme nighttime heatwave magnitudes, with temperatures reaching 32°C to 34°C across large 

portions of the region, suggesting that nighttime temperatures during heatwaves will provide 

minimal relief from thermal stress. 

The projected HWM_TX90 (Figure 47) under SSP245 showed localized increases in daytime 

heatwave magnitude in the near future (2030-2060), with the northern Sahel experiencing the 

most bsignificant rise, reaching temperatures of 42°C to 44°C. The western and southern 

regions exhibit more moderate increases, ranging from 38°C to 40°C. Under SSP585, the near-

future projections remained comparatively subdued across most of the region. The far future 

HWM_TX90 projections (2061-2091) demonstrate extreme increases in daytime heatwave 

magnitude across the Sahel. Under SSP245, temperatures range from 40°C to 44°C, with the 

northern regions showing the highest values. The SSP585 scenario projects unprecedented 

daytime heatwave magnitudes, with temperatures exceeding 46°C in northern areas and 

ranging from 44°C to 48°C across most of the region, representing a substantial escalation in 

extreme heat conditions. 

The projected HWM across all three metrics (TN90, TX90, and EHF) indicates a consistent 

pattern of moderate increases in the near future, with more pronounced changes under SSP245 

in certain areas compared to SSP585. However, the far future projections reveal a significant 

intensification of heatwave conditions across the Sahel, with the largest increases expected 

under SSP585 by the end of the century. These changes could severely impact human health, 

agricultural productivity, and water resources across the region. Perkins-Kirkpatrick and Lewis 

(2020) have demonstrated that under high-emission scenarios, heatwaves become increasingly 

severe, with cumulative thermal stress significantly affecting populations in vulnerable regions 

like the Sahel. The combined increase in both nighttime and daytime intensities suggests that 
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the region will face sustained extreme thermal conditions, making comprehensive adaptation 

strategies essential for maintaining livelihood security and ecosystem stability. Campbell et al. 

(2018) emphasize that such heightened heatwave magnitudes will substantially affect 

agricultural systems and human comfort, as sustained heat increases both crop stress and labor 

productivity challenges across the Sahel. 

 

Figure 45 : Projection of heatwaves over Sahel for HWM (Heatwave Magnitude) °C for EHF from 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 46 : Projection of heatwaves over Sahel for HWM (Heatwave Magnitude) °C for TN90 

from near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 47: Projection of heatwaves over Sahel for HWM (Heatwave Magnitude) °C for TX90 from 

near future, 2030-2060,  and far future, 2061 – 2091. 

 

e. Heatwave Number 

In the SSP245 scenario for the near future (2030-2060), the HWN_EHF (Figure 48) projections 

show relatively uniform low values across the Sahel region, with most areas displaying deep 

blue coloration indicating minimal heatwave frequency (approximately 0.60-0.89 events). This 

suggests that under moderate climate change scenarios, the region may experience limited 

increases in heatwave occurrence during the mid-century period. The SSP585 scenario for the 

same period shows a similar pattern, with comparable low values across the region, indicating 

that even under high emission scenarios, near-term heatwave frequency remains relatively 

stable. However, the far future projections (2061-2091) reveal a dramatically different 

scenario. Under SSP245, there is a marked increase in HWN_EHF across the entire Sahel 

region, with values ranging from 1.76 to 3.21 events per year. The spatial distribution shows a 

notable east-west gradient, with the eastern portions of the region experiencing the highest 

frequency of heatwave events (red and orange areas), while western areas show moderate 

increases (yellow and light orange coloration). This pattern suggests that the eastern Sahel may 

be particularly vulnerable to increased heatwave frequency under moderate climate change 

scenarios by the end of the century. 

The SSP585 far future projections present an interesting contrast, showing generally lower 

heatwave frequencies compared to SSP245, with values predominantly in the blue to light blue 

range (0.89-1.47 events per year). This counterintuitive result, where the high emission 

scenario shows lower heatwave frequency than the moderate scenario, may reflect complex 

climate dynamics and regional precipitation patterns that influence the calculation of the 

Excess Heat Factor (EHF). Similarly, the HWA_TN90 projections (Figure 49) show the 

models' capacity to simulate nighttime temperature extremes across the region. The observed 

pattern again displays the characteristic north-south gradient, with northern areas experiencing 

higher minimum temperatures during heatwaves (red areas, 31-33°C) compared to southern 

regions (blue areas, 24-26°C). The climate models show reasonable agreement with 

observations, particularly in capturing the overall spatial distribution of temperature extremes. 
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The comparison between observed and modeled HWA_TX90 data (Figure 50) demonstrates 

the models' ability to capture the north-south temperature gradient characteristic of the Sahel 

region. The observed data shows higher values in the northern areas (red and orange, 44-48°C) 

transitioning to lower values in the southern regions (blue, 30-34°C). The various climate 

models (ENSMEAN, ACCESS-ESM1-5, EC-Earth3, MPI-ESM1-2-HR, and MRI-ESM2-0) 

generally reproduce this pattern, though with varying degrees of accuracy in magnitude and 

spatial distribution. 

These projections have significant implications for the Sahel region's vulnerability to climate 

change impacts. The substantial increase in heatwave frequency projected for the far future 

under SSP245, particularly in the eastern portions of the region, could severely affect 

agricultural productivity, water resources, and human health. adaptation strategy development 

across this climatically sensitive region. 

 

Figure 48 : Projection of heatwaves over Sahel for HWN (Heatwave Number ) °C for EHF from 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 49 : Projection of heatwaves over Sahel for HWN (Heatwave Number ) °C for TN90 from 

near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 50 : Projection of heatwaves over Sahel for HWN (Heatwave Number ) °C for TX90 from 

near future, 2030-2060,  and far future, 2061 – 2091. 

3.6 Future Heatwave Projection Trend Analysis 

➢ Heatwave Amplitude 

The near-future (2020-20300) projections for HWA across TX90 and EHF indices (Figures 51-

52) revealed minimal spatial variation under both SSP245 and SSP585 scenarios. The absence 

of distinct color patterns suggests negligible trends in heatwave amplitude across the Sahel 

region during this period. However, far-future projections (2061-2091) indicate substantial 

regional differentiation. Under SSP245, mixed positive and negative trends emerge, with 

northern Sahel regions showing predominantly negative trends while southern areas exhibit 

positive increases. SSP585 projections demonstrate more pronounced positive trends, 

particularly in central and eastern Sahel regions, with amplitude increases reaching 0.19°C. 

This pattern aligns with Russo et al. (2014) findings on intensifying West African temperature 

extremes under high-emission scenarios. 

 

Figure 51 : Projected Trend analysis of heatwaves over Sahel for HWA (Heat Wave 

Amplitude) for Excess Heat Factor (EHF) from near future, 2030-2060,  and far future, 2061 – 

2091. 
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Figure 52 : Projected Trend analysis of heatwaves over Sahel for HWA (Heat Wave 

Amplitude) for TX90 from near future, 2030-2060,  and far future, 2061 – 2091. 

 

➢ Heatwave Duration 

Near-future HWD projections (Figures 53- 55) across TN90, TX90, and EHF indices showed 

no discernible spatial patterns under either scenario, indicating stable heatwave duration trends 

through 2060. Far-future projections reveal contrasting scenarios: SSP245 demonstrates 

predominantly negative trends across the Sahel, suggesting shorter heatwave durations, while 

SSP585 projects positive trends, indicating prolonged heat events. The EHF-based projections 

show (Figure 53) statistically significant increases of 0.007 days under SSP245, though 

SSP585 trends lack statistical significance. These findings corroborate Vizy and Cook (2012) 

projections of extended heat events across the region, particularly emphasizing the 

vulnerability of Sahel populations to sustained heat exposure and associated health risks. 
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Figure 53 : Projected Trend analysis of heatwaves over Sahel for HWD (Heat Wave Duration) 

for Excess Heat Factor (EHF) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

Figure 54 : Projected Trend analysis of heatwaves over Sahel for HWD (Heat Wave Duration) 

for nighttime (TN90) from near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 55 : Projected Trend analysis of heatwaves over Sahel for HWD (Heat Wave Duration) 

for daytime (TX90) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

➢ Heatwave Frequency 

The spatial analysis of HWF trends (Figures 56-58) reveals distinct temporal patterns across 

the Sahel region. Near-future projections indicate downward trends across all indices, though 

lacking statistical significance. Conversely, far-future projections demonstrate positive trends 

under both scenarios, with SSP245 showing broader statistical significance across southeastern 

regions and SSP585 exhibiting concentrated increases in northern areas. The EHF-based 

projections (Figure 56)indicate significant increasing trends toward northern Sahel regions 

under SSP585. These results align with Russo et al. (2014) and Nangombe et al. (2019) 

findings, suggesting the Sahel could experience weekly heatwave conditions during peak 

seasons by 2100, intensifying cumulative stress on healthcare systems and agricultural 

productivity. 
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Figure 56 :  Projected Trend analysis of heatwaves over Sahel for HWF (Heat Wave 

Frequency) for Excess Heat Factor (EHF) from near future, 2030-2060,  and far future, 2061 – 

2091. 

 

Figure 57 : Projected Trend analysis of heatwaves over Sahel for HWF (Heat Wave Frequency) 
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for nighttime (TN90) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

 

Figure 58 : Projected Trend analysis of heatwaves over Sahel for HWF (Heat Wave Frequency) 

for daytime (TX90) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

➢ Heatwave Magnitude 

Near-future HWM projections (Figures 59-61) across all indices showed minimal spatial 

variation, indicating stable magnitude trends through 2050. Far-future projections reveal 

complex regional patterns: TN90-based (Figure 60) projections under SSP245 display mixed 

trends with eastern Sahel regions showing significant increases while other areas demonstrate 

decreases. SSP585 projections indicate widespread decreasing trends. TX90-based projections 

(Figure 61) show northern regions experiencing positive trends while southeastern areas exhibit 

negative trends under both scenarios. EHF-based projections demonstrate contrasting patterns, 

with SSP245 showing negative trends and SSP585 displaying positive trends. These findings 

support Perkins and Alexander (2013) observations of intensifying heatwave events, 

emphasizing risks to public health, agriculture, and infrastructure across the Sahel region. 
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Figure 59 : Projected Trend analysis of heatwaves over Sahel for HWM (Heat Wave 

Magnitude) for Excess Heat Factor (EHF) from near future, 2030-2060,  and far future, 2061 – 

2091. 

 

Figure 60 : Projected Trend analysis of heatwaves over Sahel for HWM (Heat Wave 

Magnitude) for nighttime (TN90) from near future, 2030-2060,  and far future, 2061 – 2091. 
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Figure 61 : Projected Trend analysis of heatwaves over Sahel for HWM (Heat Wave 

Magnitude) for daytime (TX90) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

➢ Heat wave Number 

The spatial projection analysis for HWN (Figures 62-64) indicates minimal near-future trends 

across all indices. Far-future projections reveal consistent positive trends across the Sahel 

region under both scenarios. . EHF-based projections (Figure 62) show positive trends under 

SSP245 with limited statistical significance, while SSP585 demonstrates concentrated 

increases in northern and southeastern regions.TN90-based projections (Figure 63) show 

statistically significant northward increases under SSP245, while SSP585 demonstrates less 

pronounced but positive trends. TX90-based projections (Figure 64) indicate substantial 

increases under both scenarios, with northern regions experiencing the highest values These 

results corroborate Russo et al. (2014) and Ceccherini et al. (2017) projections of 15 or more 

heatwave events by 2091, suggesting extreme heat may become a permanent climate feature 

across the Sahel region. 
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Figure 62 : Projected Trend analysis of heatwaves over Sahel for HWN (Heat Wave Number) 

for Excess Heat Factor (EHF) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

Figure 63 : Projected Trend analysis of heatwaves over Sahel for HWN (Heat Wave Number) 



  

  

 

77 

 

for nighttime (TN90) from near future, 2030-2060,  and far future, 2061 – 2091. 

 

Figure 64 : Projected Trend analysis of heatwaves over Sahel for HWN (Heat Wave Number) 

for Daytime (TX90) from near future, 2030-2060,  and far future, 2061 – 2091. 

3.7  Discussion 

The future projections of heatwaves over the Sahel underscore an alarming trajectory: more 

frequent, longer-lasting, intense, and numerous heatwave events. The consistency across all 

heatwave indices TX90, TN90, and EHF, adds robustness to the projection trends, validating 

similar findings from Sylla et al. (2018) and Dajuma et al. (2024). This convergence suggests 

that climate models, despite uncertainties, offer a reliable forecast of heat-related hazards in 

the Sahel. The sharp rise in heatwave amplitude and duration—especially under the EHF 

metric—highlights the dual burden of intensity and persistence, which directly affects human 

health and productivity (Sherwood and Huber, 2010; Kunda et al., 2024). The inability of 

nighttime temperatures to cool sufficiently reflected in the TN90 trendsadds to cumulative 

heatwave, particularly in urban and densely populated areas (Ceccherini et al., 2017). 

Moreover, the increasing number and frequency of events may transform the regional climate 

into a "heatwave-prone regime," as noted by Engdaw et al. (2022) and Fotso-Nguemo et al. 

(2023). These changes not only affect physical systems but also undermine agricultural 
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resilience, infrastructure planning, and public health systems (Sultan and  Gaetani, 2016; 

Barbier et al., 2018). The broader implications of these findings suggest the urgent need for 

anticipatory adaptation measures, particularly early-warning systems and localized heat 

adaptation policies (Deglon et al., 2025; USAID, 2024). The projected future heatwave trends 

across the Sahel region of West Africa reflect an alarming escalation in thermal extremes, with 

widespread and intensifying impacts anticipated under both moderate (SSP245) and high-

emissions (SSP585) scenarios. The analysis of heatwave characteristics including amplitude, 

duration, frequency, magnitude, and number, indicates that the region is on a trajectory towards 

more frequent, intense, and longer-lasting heatwave events, especially during the far-future 

period (2061–2091). In the near-future projections (2030–2060), minimal changes are detected 

across most indices and scenarios. However, by the end of the 21st century, the situation 

drastically intensifies, particularly under SSP585. For example, daytime heatwave amplitude 

(HWA_TX90) is projected to rise significantly, with northern Sahel regions expected to face 

extreme temperatures exceeding 49°C, surpassing the physiological heat tolerance of many 

crops and humans alike. Similarly, nighttime heatwave amplitude (HWA_TN90) under 

SSP585 is projected to exceed 35°C in northern areas—temperatures that eliminate the typical 

nocturnal cooling vital for human health and agricultural recovery. These patterns are 

consistent with the findings of Russo et al. (2014), who emphasized the intensification of heat 

extremes under high-emission scenarios across West Africa.Heatwave duration (HWD) 

follows a similarly troubling trend. Under SSP585, both daytime (TX90) and nighttime (TN90) 

durations increase dramatically in the far-future, with values surpassing 9 days in many regions. 

The most significant increases are observed in Excess Heat Factor (EHF)-based metrics, where 

prolonged exposure to both elevated daytime and nighttime temperatures exacerbates 

cumulative thermal stress. These findings are aligned with the work of Dimitriadou et al. 

(2021), which highlighted the increasing prevalence and duration of compound heat extremes 

in semi-arid climates. 

The frequency of heatwaves (HWF) also shows significant upward trends, particularly under 

SSP245 in the eastern Sahel, where projections estimate up to 18.5 heatwave days annually by 

2091. Although SSP585 shows somewhat lower but more spatially uniform frequencies, the 

combined thermal stress is still likely to overwhelm adaptive capacity. Increased nighttime 

heatwave frequency is particularly critical, as it prevents the physiological and environmental 
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reset that typically occurs overnight, compounding stress on vulnerable populations. These 

projections resonate with observations by Guigma et al. (2020), who identified minimum 

temperature-based heatwaves as especially threatening due to limited relief and prolonged 

exposure. 

Heatwave magnitude (HWM) shows pronounced increases under SSP585, with projected 

values for daytime heatwaves (TX90) exceeding 48°C in the northern Sahel and nighttime 

values (TN90) rising to 34°C. These extremes represent unprecedented stress levels, 

particularly in areas with limited access to healthcare, water, or cooling infrastructure. As noted 

by Perkins-Kirkpatrick and Lewis (2020), such high-magnitude heat events can result in 

widespread mortality and reduced labor productivity, especially in agrarian societies. 

The number of heatwave events (HWN) is expected to rise across all metrics, with SSP245 

projecting more events in eastern Sahel compared to SSP585—a counterintuitive result 

possibly driven by nonlinear interactions in precipitation and land-atmosphere feedbacks. 

Nevertheless, the general trend points toward heatwaves becoming a near-permanent climate 

feature, consistent with findings by Ceccherini et al. (2017). These findings have dire 

implications. Public health systems will face mounting stress due to prolonged exposure to heat 

without nocturnal relief. Agricultural yields will decline as crops suffer from thermal thresholds 

being surpassed more frequently. Infrastructure, particularly in rural and semi-urban areas, is 

ill-equipped to withstand repeated extreme heat events. Water resources will be strained due to 

increased evapotranspiration, exacerbating existing drought conditions. Socially, heat-induced 

displacement and competition over diminishing resources could trigger conflict and large-scale 

migration, posing additional governance and humanitarian challenges. Therefore, these 

projections demand urgent and context-specific adaptation strategies. Under SSP245, there 

remains a window for phased adaptation through sustainable agricultural practices, early 

warning systems, and improved urban planning. However, the catastrophic projections under 

SSP585 highlight the need for aggressive mitigation efforts at both regional and global scales. 

Effective responses must integrate climate-smart infrastructure, community-based adaptation, 

and international support to address what may soon become irreversible changes in the Sahel’s 

climate system. 
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CONCLUSION AND PERSPECTIVE 

This study set out to investigate the historical and projected dynamics of heatwaves across the 

Sahel region of West Africa, driven by the hypothesis that heatwaves in the region are 

intensifying in frequency, duration, and magnitude, and are projected to accelerate under future 

climate scenarios. The analysis confirmed this hypothesis through a detailed assessment of 

heatwave indices derived from ERA5 reanalysis data and CMIP6-based downscaled 

projections. 

The historical characterization revealed that daytime heatwaves (TX90) occur at frequencies 

between 1.0 and 1.9 events/year, with amplitudes exceeding 46°C in the northern Sahel. 

Nighttime events (TN90) were less frequent (0.5–1.6 events/year), but showed the strongest 

upward trends, especially in the northern and eastern subregions. The Excess Heat Factor 

(EHF) further highlighted regions at risk due to compounding heat intensity and duration. The 

Mann-Kendall trend analysis confirmed statistically significant increases, particularly in HWN 

and HWF under TN90 and EHF metrics, validating the hypothesis of intensifying heatwave 

dynamics. 

Future projections under SSP2-4.5 and SSP5-8.5 scenarios indicate alarming increases. By the 

far-future period (2061–2091), the Sahel is expected to experience HWF values exceeding 25 

days/year under EHF and HWA amplitudes surpassing 50°C. These projected changes imply 

that large portions of the Sahel will face physiologically intolerable heat conditions without 

intervention. The disparity between model outputs, particularly ACCESS-ESM1-5’s tendency 

to overestimate and MPI-ESM1-2-HR’s conservative trends, emphasizes the necessity of 

ensemble approaches for robust decision-making. 

The results validate both specific and main hypotheses, underscoring that the Sahel is a critical 

hotspot for heatwave escalation. These insights should inform urgent climate adaptation 

strategies, early warning systems, and equitable resource allocation to protect vulnerable 

populations across this increasingly heat-stressed region. 

For perspectives on broadening this work, future research could look into a more localized 

impact assessment by downscaling climate model outputs to finer spatial resolutions, 

potentially incorporating urban heat island effects more explicitly. Exploring the socio-

economic vulnerabilities and adaptive capacities of specific communities in conjunction with 

these climate projections would provide a more complete picture for policy formulation. 
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APPENDIX  

Appendix A: Taylor Diagrams 

 

Figure 65 : Maximum Temperature For Taylor Diagram 

 

 

Figure 66 : Minimum Temperature for Taylor Diagram 


