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Abstract

Understanding hydroclimatic variability in the Sahel and Sudanian zones is
critical for improving climate resilience and resource management. This study

presents a comparative analysis of drought dynamics in two representative
Cinzana and Kola. American Journal of Cli-

mate Change, 14, 687-706.
https://doi.org/10.4236/ajcc.2025.144033

agroecological sites of Mali Cinzana (Sahelian zone) and Kola (Sudanian zone)
over the period 1994-2022. Using meteorological data, drought characteristics

were assessed through the Standardized Precipitation Index (SPI) and the
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by trend detection methods (Mann-Kendall, Sen’s slope) and the Pettitt test for
structural breaks. Results reveal marked local divergences despite the geo-
graphical proximity of the sites. At Cinzana, rainfall and temperature trends
were not statistically significant, although a positive and significant trend in
SPEI-12 suggests a tendency toward wetter annual conditions consistent with the
Sahelian “regreening” observed since the 1990s. In contrast, Kola exhibited a sta-
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tistically significant warming, particularly in minimum temperature (+0.057°C/
year, p < 0.001), with a breakpoint in 2008 indicating accelerated nighttime
warming. Drought indices at Kola revealed significant negative trends in SPI-
12, SPEI-6, and SPEI-9, highlighting an intensification of aridification pro-
cesses. Correlation analysis between SPI and SPEI confirmed that rainfall re-
mains the dominant driver of drought variability at multi-annual scales, while
evapotranspiration, amplified by warming, plays an increasingly critical role at
seasonal scales. Overall, these findings demonstrate the coexistence of greening
and drying trajectories within short geographic distances, reflecting the high
spatial heterogeneity of Sahelian climate dynamics. This heterogeneity under-
scores the need for fine-scale analyses to refine regional climate projections and
to design differentiated adaptation strategies for water resource management
and agricultural production.

Keywords

Climate Change, Climate Trends, Drought, Sahel, Sudanian, SPEI, SPI,
Variability

1. Introduction

The biophysical and socioeconomic balances of both natural and man-made eco-
systems are significantly impacted by climate change, which is one of the largest
environmental problems confronting the globe today (Rockstrom et al., 2009;
Zittis et al., 2022). Global warming, primarily due to human-caused greenhouse
gas emissions, is causing mean temperatures to rise, hydrological cycles to change,
extreme events to worsen, and biological regimes to be disrupted (Rockstrém et
al., 2009; Siddha & Sahu, 2022). Approximately 41% of the Earth’s surface is made
up of arid and semi-arid regions, which are particularly vulnerable to severe
shocks due to their high reliance on natural resources and low ecological resilience
(Li et al., 2022; Zhou et al., 2022). These areas are experiencing rapid soil degra-
dation, reduced plant cover, and increased desertification, all of which threaten
ecosystem services and the means of subsistence for the local population (Kumar
et al., 2022; Mganga, 2022; Zerbe, 2022).

The breadth and speed of recent climate developments in the Sahel, which is
considered to be one of the “hotspots” of climate change, are alarming (Ayugi
et al., 2022; Gupta, 2022). Since the 1950s, average temperatures have been in-
creasing along with a shorter, more unpredictable rainy season and increased
variability in rainfall (Smart, 2017). The hydrological cycle has been disrupted
and food insecurity has increased due to the simultaneous occurrence of ex-
treme rainfall events and severe droughts (Chukwuma Sr, 2025; Daku et al., 2022;
Holleman et al., 2020). This climate background emerges in a socio-environmen-
tal framework marked by population growth, agricultural intensification, and

urbanization, further taxing already fragile natural resources (Orlandi, 2023;
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Padgham et al., 2015).

Mali, a country in the Sahel, is a prime illustration of these shifts. Since the
1950s, the country’s temperature has been increasing faster than the global aver-
age (Sarra et al., 2022; Traore et al., 2022). Groundwater recharge, rain-fed agri-
culture, and vegetation formation regeneration are all immediately impacted by
disturbances to hydrological cycles. Because rural populations mostly depend on
local ecosystems for food, water, energy, and income, their vulnerability increases
in such a setting (Faye, 2022; Holleman et al., 2020).

The Standardized Precipitation Index (SPI) and the Standardized Precipitation
Evapotranspiration Index (SPEI) are two climate indices that are significant for
quantitative understanding of droughts in this cycle. The SPI assesses the variability
of meteorological drought across many time periods based solely on precipitation
(Cerpa Reyes et al., 2022; Noguera et al., 2022; Panigrahi & Vidyarthi, 2024). How-
ever, because the SPEI considers both precipitation and potential evapotranspira-
tion, it is more sensitive to the effects of climate change on water availability (Haile
et al., 2022; Morsy et al., 2022)'. Both indicators have been widely used to evaluate
the frequency and severity of dry periods in West Africa’s Sahelian and Soudanian
regions (Faye, 2022; Mohammed et al., 2022; Morsy et al., 2022).

In order to inform adaptation plans and sustainable resource management, the
joint integration of climatic indices (SPI, SPEI) provides a pertinent analytical
framework for comprehending the spatiotemporal evolution of droughts and their
effects on Sahelian ecosystems. Accordingly, the current study intends to use the SPI
and SPEI indices to do a comparative analysis of drought trends at two sample sites
in Mali: Kola, in the Soudanian zone, and Cinzana, in the Sahelian zone. The pri-
mary goal is to use the SPI and SPEI indices to compare the drought patterns in
Cinzana and Kola between 1994 and 2022. This strategy aims to accomplish three
particular objectives: 1) Compare the evolution of climatic trends between these two
areas; 2) Identify drought episodes through the SPI and SPEI series; 3) Evaluate the

correlation between the SPI and SPEI over various time scales.

2. Materials and Methods
2.1. Material

2.1.1. Study Areas

Cinzana and Kola, two distinct agroecological zones in Mali, were the sites of the
study. With a total size of 1079 km? and a location in the Ségou district (13°15' N;
5°58' W), Cinzana is part of the Niger River basin but does not have permanent
watercourses. Poor ferruginous soils that are prone to erosion make up the ma-
jority of the shrubby savannah landscape. Rain-fed agriculture (millet, sorghum,
and cowpea) and livestock farming are the main sources of livelihoods; both are
susceptible to frequent droughts and land degradation (Halimatou et al., 2016).
On the other hand, Kola, which is 261 km? in size and located in the Bougouni

'Vicente Serrano 2010, Google Scholar.

DOI: 10.4236/ajcc.2025.144033

689 American Journal of Climate Change


https://doi.org/10.4236/ajcc.2025.144033
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=vicente+serrano+2010&btnG=

0. M. Maiga et al.

district (11°21'N; 7°28'W), enjoys better agro-hydrological conditions in the
Baoulé-Banifing basin. Its woodland savannah is home to a greater variety of flow-
ers, and its agriculture is more varied, combining income crops like cotton and
cattle farming with food crops like maize, rice, yams, and cassava. Deforestation
brought on by agricultural growth, however, continues to be a significant problem
(Govoeyi et al., 2022). Figure 1 and Figure 2 show the locations of the Cinzana
and Kola study sites.
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Figure 1. Study area map.

Cinzana is located in the Sahelian agroclimatic zone, which is distinguished by
aridity and wildly fluctuating rainfall. The short, unimodal rainy season (June-
September) receives the majority of the region’s 500 - 950 mm of annual precipi-
tation, while the dry season frequently sees temperatures above 40°C (Figure 3).
Kola, on the other hand, is located in the Sudanian zone, which is wetter and more
humid. It experiences a longer rainy season (April-October) and receives between
865 and 1490 mm of rainfall annually. Average yearly temperatures are still high,
but temperature extremes are moderated by the comparatively higher humidity.
Notwithstanding these advantageous circumstances, the region is becoming more
and more impacted by erratic rainfall patterns and climatic unpredictability,

which puts additional strain on agricultural production systems.
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Figure 3. Ombrothermic diagram of the Cinzana and Kola sites.
2.1.2. Data Sources

The climatic data used exclusively originate from ground-based meteorological
observations collected between 1994 and 2022. The measured variables include
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solar radiation, monthly precipitation, maximum temperatures (Tmax), and min-
imum temperatures (Tmin). All data were sourced directly from the National Me-
teorology Agency (Direction Nationale de la Météorologie DNM) of Mali. The
time series for Cinzana and Kola stations consist of continuous surface observa-
tions spanning the entire study period. An initial quality control revealed an ex-
tremely low rate of missing monthly values (<0.5%). To ensure the temporal con-
tinuity necessary for computing the SPI and SPEI drought indices, the following
imputation method was applied: missing Tmax and Tmin values were replaced by
the long-term monthly mean, whereas missing precipitation and solar radiation
were replaced by the long-term monthly median (this method being favored for

robust imputation of asymmetrically distributed variables).

2.2. Method

For all statistical studies, R 4.5.1 version was used. Trend package was used to
compute the Pettitt test and Mann-Kendall for Sen’s slope estimation, statistics
for Pearson’s correlation and the SPEI package for SPEI and SPI indices. Below is
a breakdown of each method’s formulas and computing steps.
e Dettitt Test

Breakpoints in the data series (temperatures and precipitation) that indicate a
dramatic change in the mean were found using the non-parametric statistical test
known as the Pettitt Test (Pettitt, 1979). For all values of #between 1 and N - 1,
the highest absolute value of an intermediate variable, U, , is the Pettitt test sta-

tistic, represented by the symbol K, .
K, =max|U,| (1)

I<t<N
U,, measures the difference between the two groups of data (before and after
D).
where the double sum is used to determine U, .

Uy =Z[: i sgn(xi—xj) (2)

i=l j=t+1

Nis the series’s total number of data points.
x; and x; are the time series values at times 7and /.
sgn is the sign function and is defined as follows:

I ifx,—x,>0

0 ifx-x,=0

-1 if x,—x, <0

The p-value is an approximation calculated from the K, statistic to assess the

statistical significance of the change point.
N’ +N?

m2exp| ————5— 3
p p( 6K? ] ()

e Estimation of Potential Evapotranspiration (PET)
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One crucial metric for determining a water shortage is potential evapotranspi-
ration. The formula put out by Hargreaves and Samani (Hargreaves & Samani,
1985) was used to compute PET. This technique calculates the quantity of water
that the soil surface and plants may potentially evaporate based on mean, maxi-

mum, and minimum temperatures as well as solar radiation.

ETP =0.0023x (T, .,y +17.8)x (T — T )~ XR, (4)

where:

Tnean: average temperature (°C).

Tiax: Maximum minimum temperatures (°C).

Tiin: minimum temperatures (°C).

R, is the extraterrestrial solar radiation (M]J/m?*/day), which is determined by
the day of the year and latitude.
e Standardized Precipitation-Evapotranspiration Index (SPEI)

This index combined evapotranspiration and precipitation to evaluate drought.
A standardized value is obtained by fitting the water balance (precipitation minus
PET) to a statistical distribution. The difference between monthly precipitation
(B ) and monthly potential evapotranspiration (PET,) is used to calculate the
monthly water deficit (D, ).

D, =P —PET, (5)

Over the chosen time period, the D, values are gathered. This accumulation
offers insights into both short-term and long-term drought patterns by enabling
the detection of drought conditions at various temporal resolutions.

Over the selected time period, the D, values are gathered.

m—1

D, =>(D,,—ETP ) (6)

i=0
In any case:
nz: time scale.
D,,, : total shortfall for month 1.
A three-parameter log-logistic distribution, which is frequently employed in
drought research because of its versatility in modeling both positive and negative

values, is fitted to the water balance data.

-1

F(x)= 1+[ A jﬁ (7)

xX=v

The scale, shape, and placement characteristics are denoted by A, 8, and vy, re-
spectively.

Change to a normal distribution, S. M. Vicente-Serrano’s estimate serves as the
basis for standardizing the SPEI2.

If P<0.5,

%Vicente Serrano 2010, Google Scholar.
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w=,/-2In(P) (8a)
2
SPEI =y — ot el (8b)
l+dw+dW"+dW
If P> 0.5,
P'=1-P et SPEI=-Z (8¢c)

The following constants are used:

¢, =2.515517, ¢, =0.802853, ¢, =0.010328
d, =1432788, d,=0.189269, d,=0.001308

o Standardized Precipitation Index (SPI)

This drought metric is based only on precipitation. It converts precipitation
data into a normalized Zscore for standardized comparison after adjusting it us-
ing a gamma distribution (Edwards, 1997).

The distribution of monthly precipitation () is frequently asymmetrical. Its
likelihood is modeled using the gamma distribution.

Gamma probability density function.

1 ot | P,
f(P)=m‘P e )
where:
P = monthly precipitation (P > 0);
o = shape parameter (o >0);
B = scale parameter (f>0);
I'(a) =gamma function (extension factoriel).

The shape parameter a and B for SPI is estimated from the precipitation

data using:
1 44 D
o=—/1+,/1+— [;B=— 10
4A( V3 JB o (102)
With:
A:ln(ﬁ)—liln(e) (10b)
n i

P = mean precipitation, n = number of observations.

The Cumulative Probability G(P) is given as:
G(P)=] f(x)dx (11)

It is calculated either numerically or using statistical tables.
Case of zero precipitation (P=0)
If P= 0, the probability is adjusted as:

H(P)=q+(1-¢)-G(P) (12)

Transformation into a Z(SPI) was done using the probability H(P) values:
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2
—( - _Gralrol 3] 5i0<H(P)<0.5,
I+dit+dt +dit
SPI=Z7= , (13a)
__Gralrol 3) §i0.5< H(P)<l,
I+dt+d,t"+dt
where:
t= [in| —— (for H(P)<0.5), (13b)
(H(P
1
t= |In| —— | (for H(P)>0.5 (13¢)
where:

Coefficients approximation of (Abramowitz & Stegun, 1965).
¢, =2.515517 ¢, =0.802853

¢, =0.010328 d,=1.432788
d, =0.189269 d,=0.001308

Table 1. Classification of SPEI and SPI indices (Cerpa Reyes et al., 2022; Haslinger et al.,
2014).

Category SPEI/SPI value
Extremely wet >+2.00
Very wet +1.50 to +1.99
Moderately wet +1.00 to +1.49
Near normal —0.99 to +0.99
Moderately dry —-1.00 to —1.49
Severely dry —-1.50 to —1.99
Extremely dry <-2.00

e Mann-Kendall Trends

The Mann-Kendall statistical test (Mann, 1945) is used to ascertain if a time
series exhibits a statistically significant monotonic trend (growing or decreasing).
It is determined by adding the signs of the differences between each pair that could
exist in the dataset.

n=-1 n

S:z Z sgn(xj—xk) (14)

k=1 j=k+1

The final outcome of the Mann-Kendall test is the Z statistic. The trend’s sta-

tistical significance is assessed using the normalized Z statistic:
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S-1

— siS>0
,/Var(S)
Z =10 siS=0 (15)
i siS<0
1/Var(S)

Var(S) is variance of .
e Sen’s Slope estimation

The magnitude of the trends found by the Mann-Kendall test was measured
using this technique. It provides a rate of change per unit of time by calculating
the median slope of every conceivable pair of points (Sen, 1968).

The definition of the Sen’s slope estimator is:

(16)

For each pair of points ( x;,x, ),
where /> k&

0, = individual slope between two data points;

x;,x, = datavalues at times jand k.
e Pearson Correlation

This approach allowed us to quantify the direction and magnitude of the linear
relationship between SPI and SPEI. Whether the variables are favorably, nega-
tively, or uncorrelated is indicated by their value, which ranges from —1 to 1°.

The following formula is used to determine the Pearson correlation coefficient

(n).
= 2:,:1(xf_f)(yi_y)
VEL =) L)

nis the number of data pairs.

(17)

x, et y, aretheindividual values of variables xand y.

X et y arethe means of variables xand y; respectively.

3. Results

3.1. Comparison of Climate Trends

e Evolution of Climate Trends

For the yearly rainfall and temperature time series for the Cinzana and Kola
stations, Table 2 displays the indings of the Pettitt test, Mann-Kendall (MK) test,
and Sen’s slope estimator. Table 2 shows the findings from the Mann-Kendall
(MK) trend test, Pettitt change-point test, and Sen’s slope estimator for the Cin-
zana and Kola stations’ annual rainfall (Rain), maximum temperature (Tmax),

and minimum temperature (Tmin).

3Pearson, 1895, Google Scholar.
https://scholar.google.com/scholarzhl=fr&as sdt=0%2C5&q=Pearson%2C+1895&btnG=.
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Table 2. Petttitt, Mann-Kendall trend analysis and Sen’s Slope for climate historic data
1994-2022.

Site Variable  Pettitt_Year Pettitt_p MK_tau MK_p
Cinzana Rain - 0.624 0.108 0.42
Cinzana Tmax - 0.304 —-0.04 0.778
Cinzana Tmax - 0.304 —-0.04 0.778
Cinzana Tmin - 0.113 0.18 0.177

Kola Rain - 1 —-0.039 0.778

Kola Tmax - 0.091 0304 0.022

Kola Tmin 2008 0 0.68 0

The analysis of climate trends, based on the linear regression slopes illustrated
in Figure 4 and the statistical significance reported in Table 2, reveals distinct
evolutions between the two sites.

At Cinzana, the trends observed over the period 1994-2021 are not statistically
significant at the 5% threshold. Rainfall shows a slight increase of +1.513 mm/year
(p = 0.42). Similarly, the maximum temperature (Tmax) exhibits an almost negligi-
ble rise of +0.008°C/year (p = 0.778). Finally, although the minimum temperature
(Tmin) displays a more apparent upward trend of +0.012°C /year, it also remains
statistically non-significant (p = 0.177). The Pettitt test indicates no statistically sig-
nificant shift, confirming the absence of a structural break in the Cinzana series.

In contrast, the Kola site exhibits statistically significant warming trends in tem-
perature. While rainfall shows a non-significant declining trend of —1.846 mm/
year (p = 0.778), the maximum temperature (Tmax) displays a clear and signifi-
cant increase at a rate of +0.028°C/year (p = 0.022). The most striking trend con-
cerns the minimum temperature (Tmin), which rises sharply and significantly at
+0.057°C/year (p < 0.001). Moreover, this strong increase is accentuated by a
break detected in 2008, indicating a marked acceleration of nighttime warming

from that year onward.

Cinzana Kola
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Figure 4. Trends in temperature and precipitation parameters.
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SPEI

3.2. Identification of Drought Episodes Using SPI and SPEI Series

e SPEI series analysis

Figure 5 illustrates the temporal evolution of the SPEI index from 1995 to 2022
for the Cinzana and Kola sites at different time scales (3, 6, 9, and 12 months).
The intensity of drought or wetness is proportional to the distance from the zero
axis. For both sites, the SPEI series display an alternation of wet and dry years
throughout the study period.

At Cinzana, the period 1994-2008 was dominated by dry years. During this in-
terval, severe to extreme drought events were recorded at different time scales,
with notable peaks of —2.8 (SPEI-3 in 2005), —2.4 (SPEI-6 in 2008), and —1.80
(SPEI-12 in 2002). From 2009 to 2022, wetter years prevailed over dry ones.

Similarly, at Kola, the period 1994-2014 was characterized by an alternation of
wet and dry years, with a predominance of wet years across all time scales. However,
from 2014 to 2021, the site experienced predominantly very dry to extreme dry
years, with peaks of —2.8 (SPEI-3 in 2021) and —2.2 (SPEI-6 in 2018). From 2021 to

2022, wet years once again became dominant across all time scales (Figure 5).

Cinzana

SpUOW ¢-13dS

SppuoW 9-13dS

SUOW 6-13dS

SpuowW z}-13ds

1995

1998

2001

2004

2007 2010 2013 2016 2019 2022 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022

Year

M Below (SPEI < 0) ll Above (SPEI > 0)

Figure 5. Standardized precipitation evapotranspiration index (SPEI) from 1994 to 2022 in Cinzana and Kola.

e SPI series analysis
The Standardized Precipitation Index (SPI) for Cinzana and Kola highlights wet

and dry conditions at different time scales (3, 6, 9, and 12 months).
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At Cinzana, the period 1996-1999 was characterized by dry years for SPI-12,
and by alternating wet and dry years with a predominance of dry years at the 3, 6,
and 9-month scales. The period 2000-2002 was dominated by wet conditions
across all time scales, with peaks reaching +2.8 for SPI-3, SPI-6, and SPI-9 in 2000.
From 2003 to 2008, Cinzana experienced a prolonged drought, during which SPI-
12 dropped to nearly -2, indicating severe to extreme drought. Conditions became
wetter between 2009 and 2014, followed by drier years from 2015 to 2019. Finally,
the period 2019-2022 was marked predominantly by wet years.

In contrast, Kola experienced a longer drought period relative to normal con-
ditions between 1996 and 2000 for the 9- and 12-month scales, while the 3- and
6-month scales showed alternating wet and dry years with a predominance of dry
conditions. The period 2000-2002 was wet across all scales, followed by a dry
phase at all scales from 2002 to 2004. Between 2005 and 2017, alternating wet and
dry years were observed, with a predominance of wet conditions across all time
scales. The period 2018-2021 was marked by another prolonged drought, with a
minimum SPI-6 value of —4.1. Finally, from 2021 to 2022, wet years dominated

across all time scales (Figure 6).

Cinzana

Syuow ¢-1ds

SpUOW 9-1dS

SyIUOW 6-1dS

SpuoW ZI-1ds

1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022
Year

M Below (SPI < 0) ll Above (SPI > 0)

Figure 6. Standardized precipitation index (SPI) from 1994 to 2022 in Cinzana and Kola.

3.3. Pearson Correlation between SPI and SPEI

e SPEI and SPI Mann-Kendall Trends and Sen’s Slope
Table 3 below shows Mann-Kendall Trend analysis and Sen’s Slope results on
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SPI and SPEI of both sites.

Table 3. Results of the Mann-Kendall trend analysis and Sen’s Slope.

Kendall’s Tau Sen’s Slope p-value (MK)
Indice
Cinzana Kola Cinzana Kola Cinzana Kola

SPI-3 0.0216 —0.0084 0.0003 —0.0001 0.8242 0.5910

SPI-6 0.0152 -0.0373 0.0002 —0.0005 0.3018 0.6755

SPI-9 0.0635 -0.0530 0.0009 -0.0008 0.1446 0.0804
SPI-12 0.0845 —-0.0607 0.0012 -0.0009 0.0960 0.0205
SPEI-3 0.0417 -0.0377 0.0006 -0.0006 0.2944 0.2471
SPEI-6 0.0744 —-0.0394 0.0011 —0.0006 0.2755 0.0396
SPEI-9 0.0791 -0.0384  0.0013 -0.0006 02902  0.0294
SPEI-12 0.0940 -0.0446 0.0015 -0.0007 0.0099 0.2218

The analysis of drought indices (SPL, based on precipitation, and SPEI, based
on precipitation and evapotranspiration) presented in Table 3 reveals contrasting
dynamics between the two sites, particularly at longer time scales.

At Cinzana, a general trend toward stability is observed (Kendall’s Tau > 0 for
all indices), with p-values exceeding the 0.05 significance threshold for most
drought indices. However, a notable exception is found for the 12-month SPEI
(SPEI-12), which exhibits a statistically significant positive trend (p = 0.0099) with
a Sen’s slope of +0.0015. A positive slope for a drought index reflects a shift toward
wetter conditions in the long term, suggesting that the water balance (precipita-
tion minus evapotranspiration) has slightly improved on an annual scale.

In contrast, the results for Kola confirm a pronounced drying trend. The station’s
climate is becoming drier, as indicated by negative Kendall’s Tau values and nega-
tive Sen’s slopes. Regarding rainfall-based drought (SPI), a significant long-term
drying trend is detected at the 12-month scale (SPI-12), with a negative slope of
—0.0009 (p = 0.0205). This drying trend becomes even more pronounced when ac-
counting for temperature effects through the SPEIL Significant negative trends are
observed at intermediate time scales: SPEI-6 (slope = —0.0006, p = 0.0396) and SPEI-
9 (slope = —0.0006, p = 0.0294). These results indicate that drought conditions, once

evapotranspiration is considered, are intensifying over 6- to 9-month periods.

3.4. Pearson Correlation between SPI and SPEI

As the time scale grows, the correlation between the SPI and SPEI indices is
stronger, according to the Pearson correlation analysis (Figure 7). The correlation
coefficient (r) for Cinzana increases from 0.82 at three months to 0.90 at twelve
months. The coefficients for intermediate time scales are 0.89 (9 months) and 0.79
(6 months).

At three months, Kola’s correlation coefficient (r) is 0.89; by twelve months, it has
risen to a very high 0.98. R is 0.94 (6 months) and 0.98 (9 months) for the interme-

DOI: 10.4236/ajcc.2025.144033

700 American Journal of Climate Change


https://doi.org/10.4236/ajcc.2025.144033

0. M. Maiga et al.

diate stages, indicating a consistent rise in the same direction as the time scale.

Cinzana Kola
SPEI_12
SPEI_9
SPEI_8
SPEI_3
SPI_12
SPI_9
SPI_6 0.66 | 0.62
SPI_3 0.61 056 082 0.62 0.53 | 0.51
« @ @ N “© @ - N © @ a N © o @ o
_l ! I - ! I ! - _ _l i} - _ ! _l ~
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Figure 7. Pearson correlation between SPI and SPEIL.

4. Discussion

Sahelian climatic variability remains highly complex and heterogeneous, as shown
by the analysis of drought sequences and climate trends at Cinzana and Kola
(1994-2022). Our findings reveal notable local divergences, underscoring the im-
portance of fine-scale analyses for understanding regional climate trajectories in
this climate-sensitive region. A striking outcome is the pronounced increase in
minimum temperatures (+0.057°C/year, p < 0.001) at Kola, reflecting accelerated
nighttime warming a key marker of climate change in West Africa (Sarr et al.,
2015; Sylla et al., 2016). Its ecological implications are significant, particularly for
evapotranspiration rates, soil water budgets, and plant phenology. Comparable
intensification of temperature minimal has been reported in Senegal (Faye, 2023;
Legg, 2021). By contrast, Cinzana exhibits no significant warming, highlighting
strong microclimatic variability, potentially buffered by irrigation, increased veg-
etation cover, or localized aerosol effects (Biasutti, 2013). This divergence man-
dates caution when interpreting “regional warming”.

Regarding precipitation, both sites exhibit no statistically significant mono-
tonic trends, reflecting the high interannual variability of Sahelian rainfall al-
ready documented by Ali et al. (2005). However, drought indices clarify water
balance dynamics: Cinzana’s significant positive trend in SPEI-12 (Sen’s slope
= +0.0015, p = 0.0099) indicates a tendency toward wetter annual conditions,
consistent with the “Sahelian regreening” (Descroix et al., 2018; Lebel et al., 2018).
Conversely, Kola reveals a clear drying trajectory (significant negative trends in
SPI-12, SPEI-6, and SPEI-9), aligning with intensifying aridification in parts of
the western Sahel (Monerie et al., 2021; Tall et al., 2022). This contradiction
(Sanogo, 2022) highlights the spatial heterogeneity where regreening and drying
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coexist over short distances.

The contrasting trajectories of Cinzana (wetter) and Kola (drier) constitute one
of this study’s most original findings, reinforcing recent work on the fine spatial
variability of Sahelian climate dynamics (Bodian et al., 2020; Nouaceur, 2020). This
divergence is largely attributable to differences in land usage, vegetation cover, and
socio-economic factors:
¢ Kola’s Warming and Drying: The intense Tmin warming and negative SPEI

trends align with Kola’s profile, characterized by agriculture including cash
crops like cotton, driving significant deforestation and land-use change
(Govoeyi et al., 2022). The loss of dense woodland reduces evapotranspiration,
amplifying surface warming and accelerating aridification processes. This ne-
cessitates robust water management and agroforestry strategies.

e Cinzana’s Greening and Stability: Cinzana’s stable temperature and positive
SPEI-12 trend suggest that increased vegetation cover (regreening) and/or local-
ized irrigation practices (proximity to Niger River influence) buffer regional
warming and enhance the water balance (Biasutti, 2013). Socio-economic de-
pendence on rain-fed crops (millet, sorghum) may also promote conservation-
focused land management. The implication for agriculture here is maintaining
and capitalizing on soil and water conservation (SWC) practices.

These localized divergences stress the importance for climate modeling to ade-
quately represent surface heterogeneities. Finally, the correlation analysis between
SPI and SPEI confirms that rainfall variability remains the primary driver of
drought at multi-annual scales (correlation > 0.9 at 12 months). However, lower
correlations at shorter scales underline the increasing influence of potential evap-
otranspiration driven by rising temperatures. This reinforces earlier findings that
SPEI provides a more comprehensive measure of drought than SPI, crucial for
capturing agricultural and ecological droughts at seasonal scales (Gaye & Sow,
2019; Labudovd et al., 2017; Nguru & Mwongera, 2022; Tefera et al., 2019).

Overall, these results demonstrate that local responses can diverge markedly,
making the understanding of these spatially heterogeneous signals crucial for im-
proving regional climate projections and designing locally adapted strategies for

water and agricultural management.

5. Conclusion

This study provides new insights into the spatial and temporal heterogeneity of
hydroclimatic trends across two neighboring Sahelian stations, Cinzana and Kola,
over 1994-2022. The results emphasize that local processes significantly shape re-
gional climate responses in the Sahel.
Four key conclusions can be drawn:
e Temperature asymmetry: Kola exhibits a clear and significant increase in mini-
mum temperature, reflecting accelerated nighttime warming likely linked to
land-use changes and vegetation loss, while Cinzana remains thermally stable.

e Contrasting drought dynamics: Although no uniform rainfall trend is ob-
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served, drought indices reveal divergent trajectories, with a wetting tendency
at Cinzana consistent with the “Sahelian regreening”, and a drying signal at
Kola indicative of ongoing aridification.

¢ Evapotranspiration influence: The strong correlation between SPI and SPEI at
long time scales confirms rainfall as the main driver of drought, but lower cor-
relations at shorter scales highlight the growing role of temperature-driven
evapotranspiration.

e Implications for adaptation: These results demonstrate that regional-scale as-
sessments may obscure critical local contrasts. Accounting for fine-scale vari-
ability is therefore essential for improving climate model performance and de-
veloping context-specific strategies for agricultural resilience and water man-
agement.

Opverall, the findings reaffirm that while the Sahel follows broad regional cli-
matic patterns, local trajectories remain highly differentiated, underscoring the
necessity of integrating microclimatic and land-use factors into both scientific

analyses and policy responses.
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