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ABSTRACT

Senegal is now facing significant challenges due to the impacts of climate variability
adversely affecting various sectors of the country’s economy and environment. This study
analyzes temperature trends in Senegal from 1981 to 2024 using spatially detailed data
and robust quantitative methods, including linear regression and seasonal decomposition.
The results show a +0.57°C increase in average daily temperatures in Senegal over the 43
years from 1981 to 2024 and highlight the role of natural forcing, such as ENSO cycles, in
driving interannual fluctuations. These findings provide critical insights for contextualizing
climate change locally and informing adaptation strategies in Senegal. The analysis shows
that it is important to contextualize fluctuations in climatic parameters with natural forcing
processes and not solely attribute such changes to increased concentrations of atmospheric
greenhouse gases.
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Racine Ly, Jean Paul Latyr Faye, and Khadim Dia

1. INTRODUCTION TO A RESILIENCE FRAMEWORK

The impact of climate change and climate
variability through extreme climate events will
spare no community (Romano et al. 2021; Hawkins
et al. 2022; Wang et al. 2019; Christidis et al. 2021;
Robinson et al. 2021). The nature of the global
climate crisis differs from those emanating from
the localized socio-economic characteristics
of communities and countries. Due to the
interconnected nature of climate systems, it is safe
to assert that the realization of a climate shock will
be independent of how economically developed a
country is or its adaptive and response capacities.
However, the resiliency of a community or country
against climate shocks will be tied to their level of
economic development—such capabilities depend
on socio-economic status (Adger 2003; IPCC 2022).

The bulk of our knowledge of the impact of
the climate crisis on livelihoods is limited by
our understanding of related cause-and-effect
relationships (Pindyck 2020). For instance, we
know the relationship between solar radiation
and crop growth (Yang et al. 2022). Therefore,
the impact of a temperature anomaly on crop
growth can be anticipated. However, the impact
of a temperature anomaly on the distribution
and proliferation of animal diseases and their
consequences for human livelihoods, for example,
is less understood. While extensive, our ability
to represent and model the world is incomplete.
Essentially, refining our understanding of the
world is the main goal sought by the research
community. Due to the limits of our knowledge
of the dynamic relationships between a range of
relevant entities, responding to and dealing with
the climate crisis requires an iterative learning
process. A homogeneous and final solution to
addressing climate change and variability should
not be expected. Good policies and approaches
that yield satisfactory results in a society at one
point in time must be revisited against changes
in the wider context and trade-offs. Any rather
utopic scenario of no trade-offs exists because
we do not yet know the full extent of the impacts
of decisions made to address the challenges
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associated with climate change. It is again a
consequence of our limited understanding of the
web of action and reaction chains of the world
surrounding us. However, the philosophy behind
tackling climate change and climate variability is
that not acting is even more costly. Some progress
towards mitigating the impacts of climate change
should be sought, even if perfect solutions are not
identified.

Despite political will and efforts of governments
on the continent, coping with a changing climate
and its variability is more challenging in Africa
than elsewhere. Beyond the scarcity of readily
available resources, adapted infrastructures, and
mechanisms through which anticipatory actions
and planning could be channeled to communities,
a pressing challenge for Africa is that many
areas have insufficient data and a thin analytical
foundation on which to plan efforts to tackle the
impact of climate change and climate variability
(Dinku 2019; Rosenstock and Wilkes 2021
Wilkes et al. 2017). Efforts to reduce the adverse
impact of climate change on the livelihoods of
African households should start with data-driven
preparatory planning steps for proper resource
allocation effectiveness, efficiency, and maximum
impact.

There is increasing discussion of the likely local
impacts of climate change in communities across
Africa. However, the issue is often simplified
and predominantly perceived as a problem of
rising temperatures (Gonzdlez and Sanchez
2022; De Longueville et al. 2020; Krosnick and
Maclnnis 2020; Shi et al. 2016). While increasing
temperatures are a significant aspect of climate
change, this singular focus can be misleading,
as it overlooks the complex interplay of various
factors that contribute to the broader impacts
of climate change. In particular, the tendency
to interpret natural seasonality in temperature
trends as evidence of climate change can distort
public understanding, leading to misconceptions
that fail to account for the multifaceted nature




of climate dynamics. Such an oversimplified view
diminishes the recognition of other critical factors,
such as changes in precipitation patterns, extreme
weather events, and ecosystem shifts. All of these
are integral to understanding the causes and
comprehensive impacts of climate change.

Nonetheless, studying temperature trends in the
context of a changing climate is a good starting
point for better-informed discussions within
communities on the likely local impact of climate
change. Such discussions will require considering
the relationship between natural forcing and
temperature variability and anthropogenic forcing
and temperature changes.

Natural forcing and temperature variability.
Natural climate forcings cause fluctuations in the
Earth’s climate system, leading to variability in
temperature over time. These natural forcings
include variations in solar radiation, volcanic
eruptions, and fluctuations in greenhouse gas
concentrations. For example, variations in solar
output, such as those associated with the 11-year
solar cycle (Haigh and Cargill 2015), can cause
minor changes in global temperatures (Lean
2009). Volcanic eruptions, which release significant
quantities of aerosols, sulfur dioxide, and other
gases into the atmosphere, can lead to temporary
cooling by reflecting sunlight away from the Earth’s
surface. The eruption of Mount Pinatubo in 1991
is a well-documented case that resulted in global
temperatures decreasing by about +0.5°C for two
to three years (Robock 2000).

Oceanic cycles, particularly the El Nifio-Southern
Oscillation (ENSO) in the Pacific Ocean, significantly
contribute to short-term climate variability
globally. ENSO events, with their alternating warm
(El Nifio) and cool (La Nifia) phases, can cause
pronounced shifts in temperature patterns across
the globe (Trenberth et al. 2002). However, these
natural forcings typically operate on short-term
timescales—ranging from a few years to a couple
of decades—and do not account for a long-term
warming trend observed in recent decades.

Anthropogenic forcing and temperature changes.
Anthropogenic, or human-induced, forcing refers
to the impact of human activities on climate, mainly
through the emission of greenhouse gases (GHGs).
Since the start of the Industrial Revolution in the
1700s and particularly since the late 1800s, activities
such as burning fossil fuels, deforestation, and
industrial processes have significantly increased
the concentrations of GHGs in the atmosphere,
particularly carbon dioxide. These gases trap

heat within the Earth’s atmosphere, leading to a
persistent, steady increase in global temperatures
(IPCC 2021).

The impact of anthropogenic forcing on global
temperature changes becomes particularly evident
when considering long-term trends. Unlike natural
forcings, which cause short-term temperature
fluctuations, anthropogenic forcings drive the long-
term warming trend observed since the start of
the Industrial Revolution. The Intergovernmental
Panel on Climate Change (IPCC) reports that more
than half of the observed global average surface
temperature increase from 1951 to 2010 is likely due
to increased anthropogenic GHG concentrations
(IPCC2014).

Both natural and anthropogenic forcings influence
theEarth’sclimate, buttheirimpactsontemperature
changes differ in magnitude and persistence.
Natural forcings, such as volcanic eruptions, ENSO,
and solar variability, tend to cause shorter-term
fluctuations in temperature on the scale of months
to decades. In contrast, anthropogenic forcings,
particularly the increase in GHG concentrations,
are the dominant drivers of the long-term warming
trend observed since the late 1800s (Hansen et al.
2006). Daily temperature data over a minimum of
30 years is necessary for climate change studies to
accurately capture this long-term trend, as analysis
over such a long period smooths out the noise of
natural variability and highlights the underlying
impact of human activities on global temperatures
(Santer et al. 2019).

Senegal is now facing significant challenges due to
theimpacts of climate change and climate variability,
adversely affecting various sectors of the country’s
economy and environment. Rising temperatures,
erratic rainfall, and more frequent extreme weather
events, such as droughts and floods, have disrupted
agricultural production and coastal ecosystems.
These impacts are exacerbating food insecurity and
threatening livelihoods, particularly for smallholder
farmers and fishermen, whose livelihoods depend
heavily on predictable climatic conditions. Coastal
erosion driven by rising sea levels has severely
impacted Senegal’s densely populated coastal
zones, including the capital, Dakar. The fishing
industry, which employs around 600,000 people,
has also been significantly affected by climate
change-related shifts in marine ecosystems, leading
to reduced fish stocks and driving many fishermen
to seek alternative livelihoods through migration
(World Bank 2021; WMO 2023).
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The socio-economic impacts of climate change are
particularly pronounced in vulnerable rural and
coastal communities across Senegal, where limited
resources and weak infrastructure hinder efforts to
enable households and local economies to adapt
to climate change. Effective adaptation strategies
in Senegal require robust investments in early
warning systems, climate-resilient infrastructure,
and sustainable land and water management
practices to build resilience against growing climate
risks (WMO 2023).

The trend analysis of air temperature in Senegal
presented in this paper provides a nuanced
understanding of temperature trends within the
broader context of climate variability, ensuring that
natural seasonal fluctuations are not mistakenly
attributed to long-term climate change. An analysis
of temperature time-series data both at the national
and sub-national department levels in Senegal was
conducted to study:

Seasonality and trends in air temperatures;
¢ Thestatistical distribution of airtemperatures;

¢ Abrupt temperature changes and the fre-
quency and duration of hot days within a
year; and

¢ Monthly temperature anomalies.

The paper is organized as follows: Section 2
describes the study area, the data sources used,
how the dataset was constructed, and the analytical
methods used. Section 3 presents the results of
the analyses and discusses them. Finally, section 4
presents conclusions drawn from the analyses.

2. MATERIALS AND ANALYTICS
2.1 Study area

Senegal, located in West Africa, spans latitudes
12°N to 17°N and longitudes 11°W to 17°W, covering
an area of almost 200,000 square kilometers. The
country spans diverse climatic zones, transitioning
from a semi-arid Sahelian climate in the north to
a more humid, tropical climate in the south. The
northern regions typically receive less than 400
mm of rainfall annually and have a pronounced dry
season lasting up to nine months (Lo et al. 2022).
In contrast, the southern regions, particularly in
the Casamance area south of The Gambia, receive
significantly more rainfall—between 1,000 and
1,200 mm per year—and have a shorter dry season
(Bacci 2017).
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Senegal’s topography is relatively flat. Most of
the country lies within the Sudanian and Sahelian
climatic zones, making it particularly vulnerable
to variations in temperature and precipitation.
The country’s main river, the Senegal River, flows
along its northern and eastern borders, providing a
critical water source for agriculture, particularly in
the more arid regions. The country’s coastal areas
along the Atlantic Ocean, including the capital
Dakar, experience a slightly moderated climate due
to maritime influences.

The period from 1981 to 2024 encompasses years
of notable climatic variability, including periods
of severe drought in the 1980s, followed by more
recent fluctuations in rainfall and temperature
patterns. This period also includes significant global
climate events, such as the ENSO, which have had
discernible impacts on regional weather patterns
in Senegal (Emmanuel 2022). The analysis of this
period here focuses on temperature trends across
Senegal’s diverse climatic zones, providing insight
into how these trends vary spatially across the
country and how they have evolved over the past
four decades.

2.2 Dataset
2.2.1 Dataset source

The dataset used in this study—the Modern
Era Retrospective Analysis for Research and
Application, Version 2 (MERRA-2)— was collected
from the Prediction Of World Energy Resources
(POWER) project of the National Aeronautics
and Space Administration (NASA) of the US
government. POWER was launched in 2003 as an
extension of the Surface Meteorology and Solar
Energy project, one of the earliest activities funded
by NASA’s Applied Science Program to deliver
and allow easy access to parameters of value to
planning in the renewable energy sector.

MERRA-2 was developed by combining
observational data with spatial data from a frozen
version of the Goddard Earth Observing System
(GEOS). The subsequent data fusion process
yielded several metrics related to extreme climatic
events—heatwaves, multi-day precipitation totals,
and monthly percentile statistics. All the metrics
were developed using a daily time series dataset
of air temperature measured at 2 meters above
the surface of the ground (T2M) and precipitation
(Alexander et al. 2016). For this study, only the daily
temperature data was considered.




The MERRA-2’s T2M spatial dataset offers gridded
daily temperature data from around the world
from 1981 to the present. The T2M parameter is
a standard measurement used in meteorological
studies, including climate monitoring, agricultural
planning, and weather forecasting. It is a critical
input for understanding and tracking surface
temperature changes over time, with particular
relevance to climate variability (Hobbins et al. 2022)
and crop modeling studies (Kumar et al. 2022).
The MERRA-2 T2M data have been thoroughly
evaluated for accuracy and utility (Gelaro et al.
2017; Bosilovich et al. 2015). The spatial dataset has
a native spatial resolution of 0.5 degrees latitude x
0.625 degrees longitude, which corresponds to a
grid cell of around 55.6 x 67.5 kilometers in size.

2.2.2 Dataset construction

For the research for this paper, a rectangular region
of interest located between latitude 12°N and
longitude 17.78°W (bottom left corner) and latitude
16.88°N and longitude 11.01°W (upper right corner)
was created with the NASA POWER data access
viewer (Figure 2.1). For this region, gridded data on
the average daily temperature at 2 meters above
the surface of the ground, T2M, was downloaded
for the period from January o1, 1981, to August
19, 2024. The resulting files consisted of *.csv files
containing five variables: latitude and longitude of
the grid cell center point, the day number within
the year and the year of the record, and T2M in
degrees Celsius (Table 2.1).

Figure 2.1 Senegal—region of interest for analysis with a representation of point locations for the curated

daily T2M spatial dataset

16

15

Latitude

14

-17 -16 =15 -14 -13

Longitude

Source: Authors’ analysis and mapping.

Note: T2M = Daily time series dataset of air temperature (°C) at 2 meters above ground surface.

Table 2.1: Sample of curated T2M dataset for January 01, 2011, for five grid center point locations in

Senegal
Day of year Temperature, °C, at 2 meters
Latitude Longitude (DOY) Year above ground surface
12.75 -16.75 1 2011 23.73
12.75 -16.25 1 2011 21.89
12.75 -15.75 1 20M 21.31
12.75 -15.25 1 20M 21.20
12.75 -14.75 1 20M 21.48

Source: Authors’ analysis.

Note: T2M = Daily time series dataset of air temperature (°C) at 2 meters above ground surface.
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All the *.csv files for the study region were
concatenated. A cleaning process was performed
using Python 3.9.7 under the Anaconda’s distribu-
tion Spyder 5.1.5 to eliminate all temperature values
flagged as outliers or with the value -999, the
missing data value for the MERRA-2 dataset. The
result was a cleaned data frame containing the five
features mentioned above for each latitude and
longitude pair over all the days in the study period.

Theresulting data frame was then transformed into
a geodata frame and clipped with the Senegalese
national borders to consider only point locations
within the country by using the spatial join
capability of the Python Geodata Frame package.
The T2M grid clipped to our region of interest of
Senegal consisted of 67 grid cell center points with
average daily T2M data for the period from January
01, 1981, to August 19, 2024, a period of 15,937 days
and more than 43 years. In cleaning the data, data
for three days were discarded from the dataset
due to having no values recorded. The final curated
dataset contained 1,067,578 data values stored in a
Python geodata frame.

Analytics. Several types of analytics were used to
study the dynamics in air temperature in Senegal
for the period 1981-2024. For each analysis, two
levels of granularity were used—national and
sub-national. An analytical period of at least 30
years was used for analyses assessing long-term
temperature changes. This approach s in alignment
with the IPCC’s 30-year “normal” baseline period
(Carter and La Rovere 2001) as defined by the
World Meteorological Organization (WMO 2020) in
its technical definitions relating to climate normals.
However, we also used more than 43 years of
dataset for some investigations.

Five types of analyses of mean daily temperatures
(T2M) were undertaken: (i) trend analysis,
(ii) seasonality decomposition, (iii) temperature
distributions (density of values), (iv) monthly
anomalies, and (v) change point detection.

Trend analysis. A linear regression analysis was
performed using the dataset to quantify the long-
term trend in average daily temperaturesin Senegal
and to assess whether there has been an increase
in temperatures over the study period. A linear
regression model was fitted to the data to obtain a
measure of the temperature change rate over time.
Average daily T2M was used as the dependent
variable, and the date in ordinal form was used as

1 The Seventeenth World Meteorological Congress (WMO 2020) recommends that a ‘normal period’ for use in such analyses be the most
recent 30-year period finishing in a year ending with zero—in our case 1991-2020.
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the independent variable. The resulting trend was
visualized by plotting the original temperature data
and the fitted regression line (Halder et al. 2023).

Seasonality decomposition. A seasonal
decomposition was applied to the daily average
temperature data to analyze the underlying
components of the temperature time series.
The decomposition was performed under the
assumption of an additive model where the
observed time series is considered as the sum
of three components: longer-term trend (Tr(t)),
seasonal (S(t)), and residual (R(t)). Setting
the seasonal period to 365 days enforced a
yearly periodicity, reflecting the annual cycle of
temperature variation.

Temperature distribution by period. A kernel
density estimation analysis was used to examine the
distribution of daily average temperatures across
two different periods of the time series: 1991-2020
and 2021-2024. The temperature data was filtered
for each period, and kernel density estimation plots
were generated to visualize the density distribution
of temperatures. For interpretation, the period
1991-2020 was considered to be the ‘normal
period.”

Monthly anomalies. We analyzed data from 1981
to 2024 to assess temperature anomalies relative
to monthly average values. The baseline for each
monthwas calculated by averaging the temperature
data over the entire dataset. The anomalies were
calculated by subtracting the monthly baseline
value from the observed temperatures, resulting
in a time series of temperature anomalies. These
anomalies were then organized into a matrix of
months x years. A heatmap was generated to
visualize theanomaliesintheresultant matrix where
the intensity of the color indicates the magnitude
and direction of the temperature deviations.

Change point detection. To identify significant
shifts in the temperature time series, we employed
the Pruned Exact Linear Time (PELT) algorithm,
implemented via the ruptures library in Python, on
the dataset. The PELT algorithm was configured
with a Radial Basis Function model to detect non-
linear changes in the data. A penalty value of 10
was used to balance the sensitivity of the change
point detection. The detected change points
were visualized alongside the original time series,
highlighting the points where the temperature
trends exhibit significant shifts.




3. RESULTS AND DISCUSSIONS
3.1 National level analysis

3.1.1 Global trends and natural climate
processes

The daily average temperature for Senegal for
the period from January 01, 1981, to August 19,
2024, computed from all locations in the analytical
spatial dataset, is plotted in Figure 3.1. Overlaid on
this plot is the corresponding linear regression for
the same period to estimate the long-term effect

of climate change. The data fluctuates between
a minimum of 18.48°C and a maximum of 35.76°C.
A seasonal component is apparent in the daily
average temperature plot. The linear regression is
almost flat, with a temperature of 27.69°C for the
first day of 1981 and a temperature of 28.27°C for
the last date of the dataset. Those values suggest
a variation of +0.57°C for the overall period and
an approximative annual temperature increase of
+0.013°C.

Figure 3.1. Senegal—daily average temperature at 2 meters above ground surface and linear regression of
daily average temperatures, January 01, 1981 to August 19, 2024.
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Note: Dates transformed to ordinal values for regression analysis (slope = 3.62e-05, intercept = 1.49, p_value =1.42 e-13).

Since the time series dataset goes beyond the 30-
year time horizon suggested for climate change-
related studies, the temperature increase could
be attributed to the long-term effect of climate
change (Lai and Dzombak 2019; Samset et al. 2023;
Mouhammadi et al. 2023). Figure 3.1 shows the
importance of the choice of the study reference
period, which could yield a different direction
of change for the temperature. Here, a decadal
analysis shows a different pattern in the directions
of average daily temperature trends with a falling
rate of 0.04°C in the 1980s, 0.01°C in the 1990s,
0.14°C in the 2000s, no change in the 2010s, and
+0.32°C in the 2020s. Only in the latest decade,
which is not yet complete, is an increase in daily
average temperatures clear. This recent pattern is
congruent with 2023 statistically being the warmest
year globally since the pre-industrial area, with a
global increase of +1.54 (+ 0.06)°C (Rohde 2024).2

While helpful in identifying long-term trends, linear
regression may not capture non-linear changes or
sudden shifts in temperature patterns that could

occur due to natural forcing or feedback. One of the
seasonal decomposition results is the trend feature.
These results help identify underlying patterns that
might not be immediately apparent when the data
also includes seasonal and noise components.

Thetrend component of average daily temperatures
in Senegal from 1981 to August 2024 is shown in
Figure 3.2. Several fluctuations are apparent, with
a minimum of 27.04°C and a maximum of 29.32°C.
The data shows an increasing temperature trend
over the study period but with evident inter-
annual fluctuations and higher minimum trend
temperatures in each temperature increase and
decrease cycle. For instance, the overall minimum
trend temperature was reached in late 1985 and
again in mid-1986, but it never was that low again.
The second substantial minimum trend temperature
over the period was in late 1994 at 27.25°C. This
temperature minimum was never reached again
subsequently. The general trend over the 43-year
study period is characterized by average daily
temperature increases.

2 While 2023 may be the warmest year recorded globally since the pre-industrial era, this may not be the case for Senegal.
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Figure 3.2. Senegal—trend component of seasonal decomposition of daily average temperatures from

January 01, 1981 to August 19, 2024.
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Source: Authors’ analysis.

Second, the trend analysis shows that assertions
that recent temperature increases are a
consequence of climate change through continually
increasing levels of greenhouse gases are weak.
The peak trend temperature reached in 2024 was
also reached in the period from 2001 to 2004 when
the concentration of greenhouse gases in the
atmosphere was lower (Ciais et al. 2013). Rather,
it would appear that these two peaks in average
temperatures are a consequence of natural forcing
coming from phenomena such as El-Nifio and La
Nifia.

However, Figure 3.2 shows that the cycles of
temperature increases and decreases are more
frequent since 2002 than in the period from 1981 to
2002. Climate-induced phenomena may be part of
this changing pattern.3 Increased concentrations
of greenhouse gases in the atmosphere lead
to global warming, increasing sea-level surface
temperatures. This warming triggers the EI-Nifio
phase of ENSO, activating the process with the
diffusion of the temperature rise from the western
part of the Americas to the western area of the
Pacific Ocean. This leads to a chain reaction of
extreme climate events, including drought, heavy

3 Six temperature maxima and seven minima were observed between 1981 and 2002, while there were ten maxima and 11 minima between
2003 and 2024. However, the amplitude of the temperature fluctuations is larger in the earlier period.
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rainfall, and tornados, and a generalized altering
of global weather circulation patterns. Increased
concentration levels of greenhouse gases do not
directly cause the recurrence of extreme climate
events and alterations in weather patterns. Rather,
these changes are due to the activation of natural
forcing processes, such as the ENSO cycle.

To further investigate this pattern in Senegal,
ENSO data for three-month periods from 1981
to 2020 were obtained and analyzed using the
methodology described in Arguez et al. (2019). The
temporal categories used to compute the ENSO
normal were 12 overlapping three-month periods
per year—December/January/February, January/
February/March, February/March/April, and so on
through November/December/January. Five classes
of ENSO severity were computed—strong La Nifia
(2), weak La Nifa (1), neutral (0), weak El Nifio (+1),
and strong El Nifio (+2). The ENSO data was plotted
against Senegal’s daily average temperature trend
from the seasonal decomposition analysis (Figure
3.3). All seven El Nifio events coincided with average
temperature increases in Senegal, with the one in
early 1992 showing a smaller amplitude.




Figure 3.3. Senegal—trend component of seasonal decomposition of daily average temperatures, with

strong and weak ENSO events.
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Source: Authors’ analysis of El Nifio-Southern Oscillation (ENSO) data.

Similarly, weak EI Nifio occurrences are correlated
with small increasing temperature patterns—late
1987, the second half of 1992, from mid-2005 to mid-
2006, and from late 2015 to early 2016. The other
weak El Nifio periods showed clear temperature
increase patterns. However, all La Nifia periods
embed periods of temperature decrease in Senegal.
Another observation of note is that the neutral
ENSO periods do not result in stagnation in mean
temperature trends but rather a transitory period
between the oscillations where temperature
fluctuations could result from other factors.*

3.1.2 Positive temperature anomalies

While 2023 was statistically determined to be the
warmest year globally since global meteorological
data recording began (WMO 2024; UN 2024;

NASA 2024), 2023 is not the warmest year Senegal
has experienced. This divergence shows the
importance of examining global trends within
the local context. Figure 3.4 shows monthly
average temperature anomalies for the period
considered in this study. To date, 2001 and 2002
were the years with the most significant number of
positive monthly anomalies—suggesting the most
uncharacteristically warmest months in the dataset
were in that period. However, those anomalies
occurred in the second half of the year. The year
with the highest number of monthly anomalies for
January, April, May, and June over the study period
was 2024. However, no comparisons between the
late 2001 and late 2002 temperature anomalies and
2024 were possible, as the analytical dataset ends
in August 2024.

4 For instance, the global cooling that occurred following the Mount Pinatubo eruption in 1991.
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Figure 3.4: Senegal—monthly average temperature anomalies, 1981 to 2024.
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Source: Authors’ analysis
Note: January = 1; December = 12.

These observations are triangulated in Figure 3.5,  with 213 days. While 2023 is not the warmest year
which counts the number of days annually with a ~ for Senegal since 1981, it remains among the most
daily average temperature above 28°C for each  prolonged periods where temperatures exceeded
year since 1981. 2001 and 2002 ranked top with  the threshold of 28°C.

263 days, followed by 1983 with 247 days and 2023

Figure 3.5: Senegal—days annually with average temperature above 28°C, 1981-2024.
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Source: Authors’ analysis.
Note: The choice of 28°Cis based on a study by Faye et al. (2021), in which that temperature level was identified as the daily
minimum temperature with the highest mortality risk among the elderly population in Senegal.

There has been an increased frequency of temperature extremes since 2021 compared to the period
from 1991 to 2020 (Figure 3.6). Since 2021, there has been a notable increase in the days with an average
temperature above 32.5°C and relatively fewer days with cooler average temperatures below 25.0°C.

AKADEMIYA2063 - Working Paper No.13, April 2025 - A Temperature Trend Analysis of Senegal from 1981 t0 2024 - 9




Figure 3.6: Senegal—density distribution of daily average temperature, contrasting 1991-2020 with

2021-2024.
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In summary, at the national level, average daily temperatures in Senegal over the period from 1981 to 2024
have:

¢ Increased by 0.57°C, with an approximate annual increase of +0.013°C.

¢ Interannual fluctuations in temperature in Senegal are most likely caused by natural forcing—
principally due to the ENSO cycle. However, an additional contributing factor to the temperature
increase is the reduced amplitude of the cooling phases.

¢ The warmest year in Senegal over this period was not 2023, despite being the warmest year
globally. Rather, it was 2002. However, 2024, although the data is not yet complete, may prove
to be the warmest year for Senegal—the average temperature was 30.27°C through August.

¢ There has been an increase in extreme temperature observations since 2020 compared to the
period from 1991 to 2020.

¢ Recent heatwaves and other extreme weather events might not be a direct impact of climate
change as a consequence of an increase in greenhouse gases. Rather, increased concentrations
of greenhouse gases yield higher temperatures, which in turn activate natural processes, such as
the ENSO cycle, that contribute to extreme weather events.

3.2 Sub-national level analysis

While the first section of this study focused on Senegal as a whole, this section focuses on the sub-national
level. The objective is to explore temperature dynamics at a smaller scale in which communities will feel
the impact of temperature fluctuations. Here, the distribution of the average daily temperature changes
since 1981 across the departments of Senegal (Figure 3.7) and the potential influence of natural forcing,
particularly the ENSO cycles, on temperature fluctuations is examined.
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Figure 3.7. Map of the regions and departments of Senegal.
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The daily time series dataset of air temperature
measured at 2 meters above the surface of the
ground (T2M) was used for the national and
departmental level analyses. For the departmental
analysis, this spatial dataset was overlaid with the
second-level administrative borders—Senegal’s
departments. The operation retained the data
locations within Senegal and attributed each
department to the point location data that fell
within their borders. When several point locations
were in the same department, their average daily
temperatures were computed and assigned to that
department. Twelve of the 45 total departments in
Senegal had no point location within their borders.
Therefore, the analysis focused on average daily
temperature data for 33 departments.

3.2.1 Temperature anomalies and extremes

This analysis examines the monthly temperature
anomaliesacrossthe33departmentsinSenegal over
the 43 years from 1981 to 2024. Temperature data
were aggregated monthly for each department,
and long-term monthly averages were computed.
Significant trends, extreme events, and overall
climate patterns are identified by evaluating the
deviations of the average monthly temperatures
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from the long-term averages. Anomalies were
calculated as the difference between the observed
monthly temperatures and the long-term averages.
Statistical analyses were performed to quantify the
changes over time, including calculating means,
standard deviations, and linear regression trends.

General trends, 1981-2024. Across all departments,
the overall mean monthly temperature anomaly
from 1981 to 2024 was effectively neutral at
approximately -0.00017°C. This suggests that,
while anomalies are observed, the average over
the entire period aligns closely with the long-term
norm. However, the overall standard deviation of
0.71°C indicates significant variability in average
monthly temperatures compared to the long-term
average. The linear trend across all 33 departments
showed a statistically significant warming trend of
+0.0109°C per year (p-value = 0.035), confirming a
gradual increase in temperatures over the study
period.

Selected department-specific trends 1981-2024.
While average monthly air temperature trends for
all 33 departments could be presented, here we
provide a basic description for four of the 33.



https://creativecommons.org/licenses/by-sa/4.0/
https://upload.wikimedia.org/wikipedia/commons/e/e1/Senegal%2C_administrative_divisions_in_colour_2.svg

¢ Bakel department in the Tambacounda region exhibited one of the most pronounced warming
trends across the 33 departments, with a slope of +0.0161°C per year (p-value = 0.022). The
maximum anomaly recorded was +3.58°Cin 2013, and the minimum was —3.10°Cin 1982, reflecting
significant temperature swings over the years.

¢ Like Bakel, Matam in the Matam region showed a strong warming trend with a slope of +0.0155°C
per year (p-value = 0.012). The department experienced extreme anomalies, with a maximum of
+3.29°Ciin 2014 and a minimum of -3.09°C in 1984.

¢ Dakar shows a warming trend of +0.0098°C per year over the study period, but this value has a
marginal pvalue of 0.051, suggesting only a slight trend toward higher temperatures. The most
extreme anomalies were observed in Dakar in 2024 (+2.32°C) and 1984 (-2.38°C).

¢ TheSarayadepartmentinthe Kédougou region had its highest positive anomaly of +3.68°Cin 2019
and its lowest negative anomaly of -3.47°C in 1986. With a robust warming trend of +0.0243°C
per year (p-value = 0.0002), Saraya is one of the most rapidly warming areas of Senegal.

Extreme anomalies. Extreme temperature
anomalies were observed across several
departments. Vélingara recorded the most extreme
positive anomaly, +4.74°Cin 2010, while Sédhiou had
an anomaly of +4.35°C in 2014. The most extreme
negative anomaly was -3.42°C in Ranérou Ferlo in
1984.

Year 2024.2024 stands out across all 33 departments
as a year of significant positive anomalies. In
Tambacounda, the maximum monthly average
temperature anomaly reached +3.91°C, while in
Dakar, the August 2024 anomaly was +2.32°C.

These values are among the highest seen since 1981,
indicating that 2024 may represent anintensification
of the warming trend observed in recent decades.

2024 may provide a new record for average air
temperatures in Senegal since 1981. Indeed, 27 of
the 33 departments recorded their highest mean
monthly temperature over the last 43 years in 2024
(Figure 3.8). However, this is yet to be confirmed
since the dataset used ended in August 2024 and
does not provide all the daily air temperature data
for 2024.

Figure 3.8. Highest annual mean temperature and year recorded for the 33 departments of Senegal.
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A contrast of the average monthly temperature
distribution for the period from 1991 to 2021 with
that for 2021 to 2024 was examined in each of the
33 departments (Figure 3.9). The distributions are
presented as a density, meaning the area under
the curve is unity. The temperature density plots
for each of the two periods for each department
were overlayed to identify any shifts between the
two. The data shows that similar to the national
trend, most departments experienced an increased

frequency of higher temperatures from 2021-2024.

In most departments, there is a higher temperature
density above 30°C in the 2021-2024 period—some
even reached maxima of 40°C. Another observation
in the contrasting temperature density plots is the
emergence of a bimodal pattern in the data. The
bimodal mode was already perceptible for some
departments in the earlier period from 1991 to
2021. However, for the 2021 to 2024 period in other
departments, it is a new emerging pattern or more
pronounced than seen in the earlier period.

Figure 3.9. Density distribution of daily average temperature for 33 departments in Senegal, contrasting

the period 1991-2020 with 2021-2024.
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3.2.2 Temperature trends and El Nifio-Southern Oscillation (ENSO) cycles

This section examines the impact of ENSO cycles—
El Nifio, La Nifia, and neutral periods—on average
temperature trends across the 33 departments of
Senegal from 1981t0 2024. The aim is to understand
how these natural climate phenomena affect
each department’s local temperature anomalies

and long-term temperature trends. Similar to the
national-level analysis, a seasonal decomposition
was performed for each department, and the trend
component was isolated and overlayed with time
windows corresponding to strong and weak ENSO
events (Figure 3.10).

Figure 3.10. Trend component of seasonal decomposition of daily average temperature for 33
departments in Senegal, with strong and weak cycles of ENSO.

Temperature Trend

—— Bignona —— Vélingara Neutral

—— Sédhiou Strong La Nifa Weak El Nifio
—— Goudomp Weak La Nifa Strong El Nifio
—— Kolda

Temperature Trend

—— Foundiougne  —— Bakel Neutral

—— Nioro du Rip Strong La Nifia Weak El Nifio
—— Koupentoum Weak La Nifia Strong El Nifio
—— Goudiry

2025

Temperature Trend

—— Tambacounda  —— Médina Yoro Foula Neutral

—— Kédougou Strong La Nifa Weak El Nifio
—— Saraya Weak La Nifia Strong El Nifio
—— Bounkiling

Temperature Trend

—— Mbour —— Koungheul Neutral
—— Kaolack Strong La Nifia Weak El Nifio
—— Birkilane Weak La Nifia Strong El Nifio

Maléme Hodar

AKADEMIYA2063 - Working Paper No.13, April 2025 - A Temperature Trend Analysis of Senegal from 1981t0 2024 - 16



\
- , 7
A W\F
W/ v A P
0% ~ o | \\ v y
g | W / & , Vi
£ Yi £
Q2 v
-] 3
& 2 v
o \ o
g. gv \ AL
€ £ W/
@ @
2
25
25
2
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Date Date
—— Rufisque  —— Linguére Neutral —— Ranérou Ferlo —— Louga Neutral
—— Thieés Strong La Nifa Weak EI Nifo —— Kanel Strong La Nifa Weak El Nifio
—— Diourbel Weak La Nifia Strong El Nifio —— Tivaouane Weak La Nifa Strong El Nifio
—— Mbacké —— Kébémer
2
=)
g
e
=p
e
@
Q
5
= 27
26
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Date
—— Podor Strong La Nifa Weak El Nifio
—— Matam Weak La Nina Strong El Nifio
—— Dagana Neutral

Source: Authors’ analysis.
Note: ENSO = El Nifio-Southern Oscillation.

We combined a maximum of five departments in each graph—six graphs with temperature trends for five
departments and one with three departments to present the results for all 33 departments. To facilitate
the interpretation of each graph for the 33 departments, summary bullet points are provided here for five
departments. After that, a summary of the general insights obtained is provided.

¢ Bakel shows a notable warming trend with a linear trend slope of +0.0161°C per year. During El
Nifio events, Bakel experiences a mean temperature anomaly of +0.12°C, while La Nifia events
bring a cooling effect with a mean anomaly of —0.23°C. A mean anomaly of +0.02°C characterizes
the neutral periods. The variability in Bakel is significant, with a standard deviation of +0.98°C
across the ENSO phases, indicating that these global climate phenomena strongly influence
temperature fluctuations.

¢ Bignona exhibits a moderate warming trend with a linear trend slope of +0.0051°C per year. The
mean temperature anomaly during El Nifio periods is +0.08°C, compared to a cooling anomaly
of —0.19°C during La Nifia. The neutral phases show a mean anomaly close to zero (+0.01°C),
suggesting stable conditions. The standard deviation in Bignona is lower at +0.87°C, reflecting
less extreme temperature variations than in Bakel.

¢ Birkilane demonstrates a more pronounced warming trend with a linear trend slope of +0.0082°C
per year. El Nifio events lead to a mean temperature anomaly of +0.10°C, whereas La Nifia events
result in a cooling anomaly of -0.20°C. Neutral periods in Birkilane have a mean anomaly of
+0.03°C. The standard deviation is +0.92°C, indicating moderate temperature variability during
ENSO phases.
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¢ Bounkiling shows a similar warming trend with a linear trend slope of +0.0076°C per year. The
mean anomaly during El Nifio is +0.11°C, while La Nifia brings a mean cooling anomaly of 0.22°C.
Neutral periods have a mean anomaly of +0.04°C. The standard deviation of +0.95°C suggests
that Bounkiling experiences notable temperature fluctuations influenced by ENSO cycles.

¢ Dagana presents a weaker warming trend with a linear trend slope of +0.0043°C per year. El Nifio
periods lead to a mean temperature anomaly of +0.07°C, whereas La Nifia events result in a
mean anomaly of —0.18°C. The neutral periods show a mean anomaly of +0.02°C. The variability
is relatively low, with a standard deviation of +0.85°C, indicating more stable temperature
conditions than the other four departments examined in detail here.

The remaining departments across Senegal exhibit similar warming trends and temperature variability
influenced by ENSO cycles. Departments such as Matam, Saraya, and Tambacounda show significant
warming and substantial variability during ENSO phases, with El Nifio events generally resulting in warmer
average temperatures and La Nifia bringing cooling effects. Coastal regions like Dakar show more moderate
warming and less pronounced temperature fluctuations, reflecting the buffering effect of their proximity
to the ocean. Inland departments, particularly those in the Sahelian zone, display stronger correlations
with ENSO phases, leading to more extreme temperature anomalies during El Nifio and La Nifia events.

El Nifio events are generally associated with positive temperature anomalies across Senegal, indicating
warmer conditions, while La Nifia periods tend to bring cooler temperatures. Neutral periods typically show
more stable conditions but still contribute to the overall warming trend observed across the country from
1981t0 2024. The strength and variability of these trends vary depending on the department’s geographical
location, with inland regions experiencing more pronounced impacts from ENSO cycles than coastal areas.
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4. CONCLUSION

This study examined trends and variations in daily
average temperatures in Senegal from January
1981 to mid-August 2024. It was done on two
scales—at the national and department levels, the
latter being the second-level administrative division
of the country. For both, statistical analyses were
performed to shed light on temperature increases
that could be attributed to global warming and
those that seem more related to interannual
oscillations associated with natural forcing
processes, particularly ENSO cycles.

Change in expected temperature patterns is one of
the most direct ways individuals and communities
in Senegal are experiencing climate change. Hotter
air temperatures affect their thermal comfort,
health, and livelihoods, particularly agriculture-
related ones. The combination of observations of
those real impacts and the increased accessibility
of information on the changing climate creates
a blurry line between what of the changes in air
temperature in Senegal are natural and what are
based on human activities. This paper tried to
shed light on those two aspects, emphasizing the
natural forcing aspects of ENSO. The results from
this analysis offer insightful systematic information
and a clear overview for policymakers and other
decision-makers about the dynamics in average
air temperatures in Senegal and the causes of any
changes observed over the past several decades.

At the national level, a linear regression was fitted
to the entire data set. This analysis shows that
the country experienced a temperature increase
of +0.57°C for the 43-year study period, an annual
increase rate of +0.013°C. This was likely caused by
anthropogenic forcing. However, the overlay of the
trend component of the seasonal decomposition of
the air temperature dataset with El Nifio, La Nifia,
and neutral periods of the ENSO cycle shows
good correspondence. El Nifio periods seem to be
correlated with temperature increases, while La
Nifia periods are associated with decreases. These
correlations suggestthatanincreaseintemperature
cannot be strictly or solely attributed to climate
change resulting from increased atmospheric
greenhouse gas concentrations. Indeed, the spike
in high temperatures observed in Senegal in 2024
was not novel—a period of higher temperatures
was observed in 2002 and 2003 when greenhouse
gas concentration levels were lower than in 2024.
However, it is worth noting that temperature
oscillations in Senegal have been more frequent
since 2000 compared to the period from 1981 to
2000. Also evident is an increase in the frequency of
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higher temperatures from 2021 to 2024 compared
to the period from 1991 to 2020. These patterns
in the analysis suggest that policy interventions
should integrate ENSO data to optimize agricultural
planning and mitigate risks during extreme events.

The analysis at the department level shows trends
similar to the overall national trend, even though
the amplitude of fluctuations changes from one
department to another. Across all departments, a
statistically significant warming trend of +0.0109°C
per year exists.

The analysis described in this paper shows that
it is important to contextualize fluctuations
in climatic parameters with natural forcing
processes and not solely attribute such changes
to what is commonly called “the climate crisis”
as a consequence of increased concentrations of
atmospheric greenhouse gases. This does not mean
temperatures are not increasing over time, but the
amplitude of the increase is not the same in all
countries, as seen in this paper for Senegal. It also
does not mean that actions should not be taken to
mitigate or adapt to a changing climate. However,
such actions should be aligned with the localized
dynamics of the climate. Indeed, the risk of basing
any climate action on global trends will result in
what is likely to be an inappropriate and oversized
set of responses and policies, which in the long run
could be more harmful to natural ecosystems and
livelihoods than if no action had been taken. When
it comes to climate, the analysis here shows that
while policy debates around climate change may
be at the global level, coordination at the regional
level, and actions at the local level, the data that
should be examined to inform any actions has to be
tailored to the local needs—in other words, what
a changing climate means to local households and
communities.

The analysis here could be the basis for further
analysis relevant to agriculture. The viability of
forecasting near-term temperature trends using
machine learning models or deep learning models
should be assessed as a viable alternative to climate
science-basedforecasting techniques. Similarly, the
results of the analyses here could be incorporated
into efforts to estimate the best sowing and
harvesting periods for select crops, supplementing
information on the growing degree days needed
for crops to mature and also incorporating data
on rainfall and vegetation indices, among others.
Beyond agriculture, the results could also be used
to estimate energy demand for cooling purposes in




Senegal. This could be done by computing cooling
degree days across the country, defined as the
number of degrees Celsius by which a building
needs to be cooled for thermal comfort at a defined
temperature threshold. However, such a study will
require collecting information about buildings and
their cooling equipment, the energy sources for
operating the equipment, and demographics.

This work can be improved in several ways. The
temperature dataset used for the analysis started
in 1981. It would be interesting to go back to
earlier periods for which temperature data is
available for locations in Senegal—to periods
when atmospheric greenhouse gas concentrations
globally were significantly smaller—to further
disentangle the impacts of human activities

on the climate. The second area in which this
study can be improved is by filling the missing
relationship between greenhouse gas emissions
in Senegal and the temperature dynamics studied.
How important are locally emitted greenhouse
gases to the temperature dynamics observed?
Unfortunately, such geographically and temporally
disaggregated activity-based emissions data for
Senegal are not readily available. Finally, another
area of improvement inherent to the format of the
dataset used is its spatial resolution. This format
does not enable spatial analyses of changes in
air temperature in Senegal at a finer scale than
the department level. More detailed, finer-scale
analyses of temperature trends may provide new
insights into Senegal’s dynamic climate.
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