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Abstract

This study characterizes seasonal drought variability at nine synoptic stations
spanning Burkina Faso’s climatic zones over 1981-2021, using the Standard-
ized Precipitation Index (SPI-3) and the Standardized Precipitation Evapo-
transpiration Index (SPEI-3) computed at nine synoptic stations representa-
tive of the country’s three climatic zones—Sahelian, Sudano-Sahelian, and Su-
danian. A multi-indicator approach combining non-parametric trend analysis
(Hamed-Rao modified Mann-Kendall test, Sen’s slope) and structural change
point detection (Pettitt test) is applied to two intra-seasonal windows: the early
rainy season (M]]: May-June-July) and the late rainy season (ASO: August-
September-October). Results reveal three structurally distinct hydroclimatic
phases. The period 1981-1990 was dominated by severe and extreme droughts,
spatially coherent across all zones and concentrated in the Sahelian sector. A
partial rainfall recovery emerged from 1991 onward, consistent with the doc-
umented Sahelian re-greening, with significant structural change points clus-
tering in two windows: 1997 and 2007-2009. However, SPEI-3 systematically
detects higher moderate and severe drought frequencies than SPI-3 after 2000,
revealing an intensification of evapotranspiration-driven water stress decou-
pled from precipitation trends—particularly in the Sudano-Sahelian zone and
at the late-season scale. SPI-3 retains superior sensitivity for extreme drought
detection, driven by catastrophic rainfall deficits, while SPEI-3 better captures
chronic, low-intensity stress with direct implications for rainfed agriculture.
The early season (M]]) constitutes the primary locus of monsoon onset vul-
nerability, while the late season (ASO) experiences increasing thermal ampli-
fication of drought, particularly in the Sudanian zone. These findings under-
score the diagnostic necessity of jointly using SPI-3 and SPEI-3 for drought
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monitoring in semi-arid West Africa, and provide a spatially differentiated
evidence base for climate adaptation strategies in a country where over 80% of
the population depends on rainfed agriculture.

Keywords

Meteorological Drought, SPI-3/SPEI-3, Seasonal Variability,
Evapotranspiration-Driven Water Stress, Burkina Faso

1. Introduction

Drought is among the most pervasive hydroclimatic hazards in the Sahel, with far-
reaching consequences for agricultural productivity, food security, and socio-eco-
nomic resilience [1] [2]. In the West African Sahel, the 1970s-1980s were marked
by some of the most severe and prolonged droughts on record [3], and the World
Meteorological Organization (2021) estimated that droughts caused over USD 250
billion in global losses between 1970 and 2019, with Africa accounting for 26% of
disaster-related losses during that period. While rainfall has partially recovered
since the 2000s—a phenomenon documented as the Sahelian “re-greening”—ris-
ing temperatures are simultaneously intensifying potential evapotranspiration,
leading to an amplification of water stress even under relatively wet conditions
[4]. Beyond climate forcing, anthropogenic pressures—including land-use change,
dam construction, and agricultural overexploitation—further exacerbate surface
water depletion [5] [6]. In Burkina Faso specifically, recurrent drought years (1972-
1973, 1983-1984, 1991, 2004, 2010, 2012) have triggered severe crop failures, large-
scale migration, and groundwater depletion, underscoring the urgent need for ro-
bust, multi-scale drought monitoring frameworks [7] [8].

Drought is a multidimensional phenomenon typically classified into four cas-
cading types: meteorological, agricultural, hydrological, and socio-economic [9]-
[11]. Meteorological drought—driven by precipitation deficits—is the primary
trigger, propagating to soil moisture depletion (agricultural drought), then to re-
duced streamflow and reservoir levels (hydrological drought), and ultimately to
societal water shortages [7]. Characterizing drought across these dimensions re-
quires the use of standardized indices that quantify severity, duration, and spatial
extent [12]-[14]. Among the most widely applied, the Standardized Precipitation
Index (SPI) [15] captures precipitation anomalies at multiple timescales, while the
Standardized Precipitation Evapotranspiration Index (SPEI) [16] extends this frame-
work by incorporating the thermal component through potential evapotranspira-
tion (PET). The joint use of both indices is particularly valuable in contexts of climate
warming, where the SPI-SPEI divergence can reveal the increasing role of evapo-
rative demand in controlling drought severity [17].

Several studies have investigated drought variability in Burkina Faso and the

broader Sahel using standardized indices. [18] analyzed surface water dynamics
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in the Nakanbé-Mané basin (2000-2020) using SPI and remote sensing indices,
revealing a significant declining trend in water surfaces linked to recurrent droughts.
At the basin scale, [7] examined the propagation from meteorological to hydro-
logical drought in the Nakanbé River upstream of Wayen (1971-2014), showing
that SPI and SPEI at 12-month timescales best predict streamflow anomalies. [19]-
[21] further attributed runoff changes in the Sahelian Nakanbé to the combined
effects of climate variability and land degradation. At the regional Sahel scale [22]
identified three distinct drought-prone clusters using SHAP-driven machine learn-
ing applied to SPEI-12, highlighting the dominant role of the Atlantic Multide-
cadal Oscillation (AMO) in shaping drought dynamics. Despite these advances,
several gaps remain. Most Burkina Faso studies do not extend beyond 2014, leaving
the 2015-2021 period—characterized by marked hydroclimatic shifts—poorly
documented.

This study addresses these gaps by pursuing three complementary objectives: 1)
characterizing the spatio-temporal variability of historical meteorological droughts
(1981-2021) across nine synoptic stations representative of Burkina Faso’s three
climatic zones (Sahelian, Sudano-Sahelian, and Sudanian), using the SPI-3 and
SPEI-3 indices computed from ANAM in situ data and CHIRPS reanalysis; 2) de-
tecting structural change points and monotonic trends in drought dynamics using

the Pettitt test, the modified Mann-Kendall test, and Sen’s slope estimator.

2. Materials and Methods
2.1. Study Area and Datasets

Burkina Faso is a landlocked country in West Africa, located in the Sahel region.
It has a population of approximately 20 million inhabitants. The country extends
from 9.25°N to 15.01°N in latitude and from 2.22°E to 5.32°W in longitude, with
its northern part lying within the Sahelian zone of West Africa [23]. Burkina Faso
covers 274,200 km? and is characterized by generally flat topography, consisting
predominantly of a savanna plateau with elevations ranging from 250 to 400 m
(Figure 1). Rainfall distribution varies across climatic zones, with annual totals
ranging from 500 to 800 mm in the semi-arid north and from 900 to 1200 mm in
the tropical savanna regions [23]. Burkina Faso experiences two well-defined sea-
sons: a rainy season extending from early June to late September, and a dry season
covering the remainder of the year.

In this study, in situ daily raw records of precipitation and potential evapotran-
spiration (PET) for the synoptic stations were obtained from ANAM and cover
the same historical period (1981-2021). Figure 1 illustrates the different climatic
zones and the locations of the ten synoptic stations of Burkina Faso. However,
only nine stations, excluding Bogandé, were retained for the subsequent analyses.
Indeed, as documented by [24], Bogandé exhibited substantially higher missing-
data rates than the other stations, notably with more than 40% missing values for
potential evapotranspiration, whereas missingness for the key variables consid-

ered here, particularly precipitation and potential evapotranspiration, remained
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Figure 1. Topography, station network, and climatic zonation of Burkina Faso. Elevation
is derived from a digital elevation model (DEM). The nine ANAM synoptic stations ana-
lyzed in this study are indicated by filled symbols. Mean annual rainfall isohyets for 1981-
2021 (600 and 900 mm/year, based on CHIRPS v2.0) delimit the three climatic zones: Sa-
helian (<600 mm/year), Sudano-Sahelian (600 - 900 mm/year), and Sudanian (>900 mm/year).

generally low to negligible at the retained stations: missing values for precipitation
remained negligible at all retained stations, not exceeding 0.5% in any case, and
PET missingness was similarly low, generally below 1.5%, with the sole exception
of P6 where it reached 8.1%. These levels of missingness are insufficient to com-
promise the computation of long-term drought indices over a 41-year record.
Furthermore, a preliminary homogeneity assessment conducted by [24] re-
vealed that precipitation exhibits statistically significant breakpoints at only three
stations (Ouagadougou, Dédougou, and Ouahigouya), with break years ranging
between 1996 and 2007; these discontinuities may partly reflect genuine hydrocli-
matic shifts rather than purely instrumental artefacts, given the well-documented
post-1990s rainfall recovery across the Sahel. PET breakpoints, detected at six sta-
tions, are more likely to reflect the compound effect of changes in its constituent
meteorological variables—temperature, humidity, and wind speed—rather than
independent instrumental discontinuities, and are therefore not expected to in-

troduce systematic bias into the SPEI-3 computations.

2.2. Computation of SPI and SPEI Indices

2.2.1. Standardized Precipitation Index (SPI)

The SPI was introduced by [15] to quantify precipitation anomalies at multiple
timescales. Its widespread adoption stems from its computational transparency,
its reliance on a single variable (precipitation), and its ability to characterize both
drought onset and termination. In this study, SPI-3 is computed from monthly in

situ precipitation records (1981-2021) provided by ANAM, covering the nine syn-
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optic stations. The 41-year baseline (1981-2021) exceeds the 30-year minimum
recommended for robust parameter estimation [15].

The SPI is derived through a four-step procedure that transforms raw precipi-
tation accumulations into standardized normal deviates via a gamma probability
distribution, as detailed below.

* Fitting the gamma distribution

Monthly precipitation accumulations uz > 0 at each station and timescale & are
fitted to the two-parameter Gamma distribution, whose probability density func-
tion (PDF) is:

8=y e (-u/p) 0
where a > 0 is the shape parameter, 5> 0 the scale parameter, u the precipitation

amount, and I'(a) the Gamma function:

©

1"(0:):_[1/‘H exp(—v)dv ()

0

Parameters a and f are estimated using the maximum likelihood approxima-

tion proposed by Thom [1966]:

a:L(l+ /1+£J 3)
4X 3

L @
[04
X =In(@)-~3 In(u,) 5)
n

where # isthe sample mean precipitation and 1 the number of non-zero obser-
vations.
e Cumulative distribution function (CDF)

The CDF of the fitted Gamma distribution is:

u

G(u)zjg(t;a,ﬂ)dt (6)

0

Because the Gamma distribution is undefined at = 0, and precipitation can be
zero, the CDF is adjusted to account for the probability p = P(u = 0) of zero pre-
cipitation:

H(w)=p~(1-p)G(u) o)

* Normal quantile transformation (SPI value)

The SPI value is obtained by transforming H(u) into the corresponding quantile
of the standard normal distribution N(0, 1), using the rational approximation of
[25]:

2 1
SPI=—|¢— C°+C‘t+2C2t - | with 7= |In| ——| for
l+dt+dyt* +dyt H (u)

0<H(u)<0.50 (8)
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2
SPI=+|¢t— C°+C‘t+2C2t 5 with = |In ;2 for
l+dit+d,t”+dyt (1_1-[(”))
0.5<H(u)£1 9)

The rational approximation constants [25] are:

C, =2.515517; C, =0.802853; C, =0.010328;
d, =1.432788; d, =0.189269; d, =0.001308.

By construction, SPI ~ N(0, 1): positive values indicate above-average precipi-
tation, negative values indicate deficit. The timescale & (here & = 3 months) deter-
mines the accumulation window: SPI-3 for May-June-July (M]]) reflects early-
season moisture availability, while SPI-3 for August-September-October (ASO)

captures the core of the rainy season.

2.2.2. Standardized Precipitation Evapotranspiration Index (SPEI)

The SPEI [16] extends the SPI by incorporating the climatic water balance, mak-
ing it sensitive to both precipitation deficits and thermally driven evaporative de-
mand. It is particularly well-suited for detecting the thermal amplification of drought
under climate warming [17]. The SPEI is derived from the monthly climatic water
balance D; and fitted to a three-parameter log-logistic distribution, as described
below.

* Monthly climatic water balance
D =P -PET (10)

i i i

where P;is precipitation (mm) and PET;is potential evapotranspiration (mm) for
month 7

* Temporal aggregation at timescale &
D} =Y. By~ PET,, (11)

where k is the accumulation timescale (here & = 3 months) and n the reference
month.
* Fitting the log-logistic distribution

The D series is fitted to the three-parameter log-logistic distribution, whose
PDF and CDF are:
-1 p-1772
f(X):ﬁ(x 7) {H(x 7) } (12)
a\ « a

F(x):{l+[x?yjﬂ}l (13)

The three parameters a (scale), B (shape), and y (location, lower bound of D)

are estimated by the L-moments method [16].
* Normal quantile transformation (SPEI value)
The exceedance probability p=1-F(x) is transformed into the SPEI using

the same rational approximation as for the SPI:
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C,+CW+C,Ww*

SPEI =W - - - (14)
l+dW+d,W-+dW
where W =,/-2In(P) for p<05.If p>0.5, p is replaced by 1-P and
the sign of SPEI is reversed. Constants (, ..., d; are identical to those in Equations
(8) - (9).

Positive SPEI values denote wetter-than-average conditions; negative values in-
dicate water deficit. The SPI-SPEI divergence—1.e., cases where SPI > 0 but SPEI
< 0—signals drought driven predominantly by evaporative demand rather than
precipitation deficit, a signature of thermally amplified drought [16].

SPI and SPEI values were computed in Python using the spes package [26],
which implements the gamma and log-logistic distribution fitting procedures and
normal quantile transformations described in. [15] and [16], respectively.

2.2.3. Drought Classification Criteria

After computing the SPI and SPEI indices, the resulting values must be converted
into discrete drought classes to allow meaningful interpretation. By conventional
definition, a drought is considered to begin when the SPI/SPEI value falls below
or equals —1, and it ends when the value returns to positive. Consequently, posi-
tive SPI/SPEI values indicate wet conditions, while negative values indicate dry
conditions. In the present study, we adopt the classification thresholds presented
in Table 1, which are based on the scheme proposed by [16]. This approach refines
the traditional SPI/SPEI categories (e.g., [27]) by distinguishing moderately, se-
verely, and extremely wet or dry conditions within a symmetric range of stand-
ardized index values, thereby providing a more nuanced framework for interpret-

ing drought intensity.

Table 1. SPI/SPEI drought and wet classification thresholds [17].

SPI/SPEI threshold Drought/wet category
SPI/SPEI > 1.83 Extremely wet
1.43 < SPI/SPEI < 1.83 Severely wet
1.00 < SPI/SPEI < 1.43 Moderately wet
—1.00 < SPI/SPEI < 1.00 Near normal
-1.43 < SPI/SPEI < -1.00 Moderate drought
-1.83 < SPI/SPEI < —1.43 Severe drought
SPI/SPEI < —-1.83 Extreme drought

Once computed, SPI and SPEI values are classified into discrete drought or wet
categories using the thresholds of [17], presented in Table 1. A drought episode
is conventionally defined as beginning when SPI/SPEI < —1.00 and ending when
the index returns to positive values [15] [17]. This seven-class scheme refines the
original [15] classification by explicitly distinguishing moderate, severe, and ex-
treme conditions in both the wet and dry regimes, providing a symmetric and

more nuanced framework for interpreting drought intensity.
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2.3. Trend Analysis and Change Point Detection

Long-term monotonic trends in the seasonal SPI-3 and SPEI-3 series (M]] and
ASO) were assessed using the modified Mann-Kendall test proposed by [28],
which corrects the original Mann-Kendall statistic for the inflation of variance
caused by positive serial autocorrelation—a systematic feature of 3-month accu-
mulation indices such as SPI-3 and SPEI-3, where successive seasonal windows
overlap and are therefore not independently distributed. Applying the original
Mann-Kendall test [29] [30] to autocorrelated series inflates the test statistic and
increases the probability of spurious trend detection (Type I error); the Hamed-
Rao correction adjusts the variance of S by a factor derived from the rank-based
autocorrelation structure of the series, restoring the nominal significance level.
The Mann-Kendall statistic Sis defined as:

n=1 n

S=y> sgn(xj —x,.) (15)

i=1 j=i+l

where sgn(X) =1if X>0,0if X=0,and -1 if X< 0.

The standardized test statistic Zis computed as:

2L if ss0
V(s)
z=10 if §=0 (16)
St i s<o
V(s)

where V° (S ) is the autocorrelation-corrected variance of S [28]. A positive Z
indicates an increasing trend and a negative Za decreasing trend; trends are con-
sidered significant at p < 0.05 (|Z] > 1.96). The magnitude of the trend was esti-
mated using Sen’s non-parametric slope estimator [31] expressed in index units

per decade:

. X=X L.
f = median j—z ,Vj>i (17)

Structural change points in the seasonal series were identified using the non-
parametric Pettitt test [32], which detects a single abrupt shift in the mean of a
series without requiring any assumption on the distributional form. The Pettitt
statistic is:

K, =max ,Um:zt: Z": sgn(x,.—xj) (18)
i=l j=t+l

1<t<n

Ut,n

The approximate probability of a significant change point is given by
PzZeXp(—6KT2/(n3+n2)) (19)

Change points with p < 0.05 are reported as significant.
All tests were implemented in Python using the pymannkendall [33] and py-
homogeneity packages on annual MJJ and ASO index values. For a comprehensive

treatment of these methods in hydroclimatological applications, the reader is re-
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ferred to [34] and [35].

3. Results and Discussions

3.1. Monthly Drought Dynamics: SPI-3 and SPEI-3 Temporal
Evolution (1981-2021)

The monthly time series of SPI-3 and SPEI-3 show in Figure 2 provide a contin-
uous view of drought onset, duration, and cessation at each of the nine synoptic
stations across the three climatic zones of Burkina Faso. Three agronomically rel-
evant features emerge from this temporal perspective.

Across all zones, the early period (1981-1990) is marked by sustained sequences
of negative anomalies frequently breaching the severe (<-1.43) and extreme
(=<-1.83) drought thresholds, with the Sahelian stations (Ouahigouya, Dori) and
the Sudano-Sahelian stations (Dédougou, Fada Ngourma) displaying the longest
consecutive dry spells. The SPEI-3 signal is generally more intense than SPI-3 dur-
ing this phase at Dori and Boromo, indicating that elevated evaporative demand
compounded rainfall deficits even during the most drought-affected decade. From
1991 onward, both indices shift predominantly toward near-normal to positive
values, reflecting the partial rainfall recovery documented across the Sahel, though
isolated threshold-crossing events persist at all stations. After 2000, episodes
where SPEI-3 crosses the severe drought threshold while SPI-3 remains near-nor-
mal become increasingly visible, particularly in the Sudano-Sahelian zone (Oua-
gadougou, Dédougou), confirming a growing decoupling between precipitation
deficits and evapotranspiration-driven water stress with direct consequences for
rainfed agriculture. The post-2015 period is further characterized by a marked
increase in the frequency and amplitude of threshold-crossing events in both di-
rections at all stations, consistent with the intensification of interannual hydrocli-
matic variability discussed in Section below.

To complement this monthly perspective and identify the dominant drought
years at the seasonal scale, we next examine SPI-3 and SPEI-3 drought categories
aggregated over the early rainy season (M]]: May-June-July) and the late rainy
season (ASO: August-September-October).

3.2. Seasonal Drought Variability during the Early and Late Rainy
Season (1981-2021)

Figure 3 presents the spatio-temporal variability of SPI-3 and SPEI-3 drought cat-
egories at nine synoptic stations in Burkina Faso for the early rainy season (M]J:
May-June-July) and the late rainy season (ASO: August-September-October) over
the period 1981-2021. Stations are grouped according to the three climatic zones
delineated by the 600 and 900 mm/year mean annual rainfall isohyets (Figure 1):
the Sahelian zone (Ouahigouya, Dori), the Sudano-Sahelian zone (Ouagadougou,
Dédougou, Boromo, Fada Ngourma), and the Sudanian zone (Bobo-Dioulasso,
Gaoua, P9). Three distinct temporal phases emerge from the heatmaps, each re-
flecting a different interplay between rainfall variability, evaporative demand, and

climatic zone.
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Figure 3. Spatio-temporal variability of meteorological drought at nine synoptic stations in Burkina Faso (1981-2021): SPI-3 and

SPEI-3 drought categories for the early rainy season (M]]: May-June-July) and the late rainy season (ASO: August-September-

October).

3.2.1. Early Period (1981-1990): Widespread Drought Dominance with a
Northward Amplification

The first decade is characterized by a marked concentration of severe and extreme
drought events across all three climatic zones, with the most persistent and intense
signal observed in the Sahelian zone. Ouahigouya recorded extreme drought con-
ditions in both MJJ (SPI-3 = =2.11 in 1982; —=2.08 in 1983) and ASO (SPI-3 =-1.99
in 1982; —2.05 in 1983), while Dori exhibited extreme drought in MJ] 1984 (SPI-
3 =—-2.42) and a severe drought in ASO 1987 (SPI-3 = —2.65). These values reflect
the persistence of the pan-Sahelian dry anomaly documented across West Africa
during this period [36]. In the Sudano-Sahelian zone, Fada Ngourma recorded
extreme drought in MJJ 1990 and in ASO 1981 (SPI-3 = —2.40), and Dédougou in
M]JJ 1989 (SPI-3 = —2.06) and ASO 1981 (SPI-3 = —2.41) and 1984 (SPI-3 = —1.87).
The Sudanian zone was not exempt: P6 experienced extreme drought in ASO 1981
(SPI-3 = =2.65) and Bobo-Dioulasso in MJJ 1989 (SPI-3 = —2.03), indicating that
this early drought episode was spatially coherent across the entire national terri-
tory. Crucially, SPI-3 and SPEI-3 signals are broadly consistent during this phase,
confirming that the drought was primarily driven by rainfall deficits rather than

by elevated evaporative demand, regardless of climatic zone.

3.2.2. Transitional Period (1991-2010): Attenuation, Partial Recovery,
and Emerging Zone-Specific Divergences

Following 1990, the heatmaps show a widespread shift toward near-normal con-
ditions across all zones and both seasons, consistent with the documented partial
recovery of Sahelian rainfall referred to as the “Sahel greening” [37]. In the Sahe-

lian zone, isolated but marked positive anomalies re-emerge, most notably at Dori
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in MJJ 2005 (SPI-3 = +2.26, extremely wet), signaling the return of episodic in-
tense rainfall events. In the Sudano-Sahelian zone, Fada Ngourma recorded an
extremely wet ASO in 1994 (SPI-3 = +2.33), while Boromo presents a strikingly
uniform near-normal signal throughout ASO for the entire study period, likely
reflecting its central geographic position and exposure to a broader range of
mesoscale convective systems that tend to dampen seasonal extremes. In the Su-
danian zone, conditions remained predominantly near-normal during this phase,
with occasional moderately wet years at Gaoua and P6. However, this transitional
period reveals an important zone-specific divergence between SPI-3 and SPEI-3:
in the Sudano-Sahelian zone, SPEI-3 flags severe drought conditions at Ouaga-
dougou in MJJ 1996-1998 and extreme drought in MJJ 2006-2007, while SPI-3
remains near-normal for the same years. Similarly, Dédougou shows severe
drought in SPEI-3 for MJJ 1996 and 2015 where SPI-3 is near-normal. These dis-
crepancies indicate that rainfall amounts were not markedly deficient during these
episodes, but that increased evapotranspiration demand—consistent with rising
temperatures in the Sudano-Sahelian belt—amplified the hydrological stress be-
yond what precipitation alone would suggest. This finding underlines the added
diagnostic value of the SPEI over the SPI under warming conditions, as previously
noted by [16].

3.2.3. Recent Period (2015-2021): Intensification of Extremes and
Increased Cross-Zone Synchronicity

The most recent years reveal a notable increase in interannual variability ampli-
tude across all three climatic zones, with extreme events of both signs occurring
in close succession and often simultaneously across zones. On the wet side, 2016
stands out as an exceptional year: extremely wet conditions were simultaneously
recorded in the Sahelian zone (Ouahigouya, SPI-3 M]J = +2.06), the Sudano-Sa-
helian zone (Boromo, SPI-3 MJJ = +2.12), and the Sudanian zone (Gaoua, SPI-3
M]JJ = +2.11; Po, SPI-3 MJ] = +1.87), indicating a country-wide pluviometric sur-
plus. In ASO, this synchronicity is equally visible in 2020, with extremely wet con-
ditions recorded at Dori (Sahelian, SPI-3 = +2.47) and Ouagadougou (Sudano-
Sahelian, SPI-3 = +1.85). On the dry side, contrasting signals emerge: Bobo-Diou-
lasso (Sudanian zone) experienced extreme drought in ASO 2017 under both in-
dices (SPI-3 = —2.24; SPEI-3 = —2.23), while Fada Ngourma (Sudano-Sahelian)
recorded extreme drought under SPEI-3 MJJ 2015 (-2.22) with SPI-3 near-nor-
mal, again pointing to an evapotranspiration-driven drought component in the
central zone. This alternation between severe dry and wet extremes within short
time windows across all zones is consistent with the intensification of rainfall var-
iability projected under climate change scenarios for the West African Sahel [37],
and represents a critical challenge for water resource management and agricul-

tural planning in Burkina Faso.

3.2.4. North-South Gradient and Index Consistency
Considered over the full period and both seasons, the three climatic zones exhibit

a coherent latitudinal gradient in drought severity: the Sahelian zone is most fre-
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quently and most intensely affected during the early period, the Sudano-Sahelian
zone shows the strongest SPI-3/SPEI-3 divergence during the transitional period,
and the Sudanian zone, while less drought-prone overall, participates in the cross-
zone synchronicity of recent extreme events. SPI-3 and SPEI-3 produce broadly
comparable drought classifications throughout, reinforcing diagnostic reliability.
Where discrepancies occur, they are systematically oriented toward more intense
drought classification by SPEI-3, particularly in the Sudano-Sahelian zone after
2000, supporting the hypothesis of an increasing evaporative contribution to
drought severity under ongoing warming. One outlier value of SPEI-3 MJ] = —7.87
at Gaoua (Sudanian zone) in 2007 is physically implausible and likely results from
a missing or erroneous PET value in the source data; this data point must be ver-

ified and masked prior to final figure production.

3.3. Drought Frequency and Mean Duration by Intensity Class

The spatial contrasts in drought frequency and mean duration across intensity
classes and climatic zones, as detected by both SPI-3 and SPEI-3, are synthesized
in Figure 4.

SPI-3 vs SPEI-3 — Drought frequency and mean duratlon by intensity class

M]JJ (May-June-July) & ASO (August 1981-2021
Moderate drought Severe drought Extreme drought
Drought frequency (%) Drought frequency (%) Drought frequency (%)
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Figure 4. Radar charts of SPI-3 and SPEI-3 drought frequency (%, upper panels) and mean drought duration (seasonal windows,
lower panels) by intensity class at nine synoptic stations in Burkina Faso over the period 1981-2021. Each axis represents one station;
values are computed over the early (M]J]: May-June-July) and late (ASO: August-September-October) rainy season windows.

DOI: 10.4236/acs.2026.163032 640 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2026.163032

C. Compaoré et al.

Figure 4 reveals contrasting detection patterns between SPI-3 and SPEI-3
across the three climatic zones, both in terms of frequency and episode duration.

SPEI-3 systematically detects higher moderate and severe drought frequencies
than SPI-3 across all zones, with the divergence most pronounced in the Sudano-
Sahelian zone (Ouagadougou, Dédougou, Fada Ngourma) and, to a lesser extent,
in the Sahelian zone (Dori). This pattern is scientifically consistent and well-doc-
umented in the literature. [16] demonstrated that the SPEI, by incorporating the
evaporative demand through the P-PET balance, captures atmospheric water
stress that is invisible to precipitation-only indices such as the SPI. Under the sus-
tained warming observed in West Africa since the 1990s [38], potential evapo-
transpiration has increased independently of rainfall, generating moderate-to-se-
vere hydric stress even during years of near-normal precipitation. This mecha-
nism is particularly active in the Sudano-Sahelian zone, where temperature anom-
alies are amplified relative to the wetter Sudanian south [39]. The higher SPEI-3
frequencies in these two classes are therefore not a statistical artefact but a physi-
cally grounded signal of evapotranspiration-driven agricultural drought.

The pattern reverses for extreme drought: SPI-3 detects higher frequencies than
SPEI-3, most visibly at P6, Bobo-Dioulasso, and Ouahigouya. This is also con-
sistent with known index behavior. Extreme drought events (index < —1.83) are
typically associated with catastrophic rainfall deficits—as observed during 1982-
1984 across the Sahel—where precipitation collapse so severe that the additional
evaporative signal of SPEI becomes secondary relative to the raw precipitation
anomaly captured by SPI. Under such conditions, the SPI responds more sharply
because the gamma distribution fitted to precipitation is more sensitive to deep
left-tail events than the log-logistic distribution fitted to the P-PET balance, which
integrates a smoother combined signal [40]. This explains why SPI-3 leads in the
extreme class while SPEI-3 leads in moderate and severe classes.

The duration panels reveal a complementary contrast. SPI-3 produces longer
mean episode durations for extreme drought, driven by the sustained multi-win-
dow Sahelian drought of 19821990 visible as the spike at Ouahigouya (~8 seasonal
windows). SPEI-3, by contrast, generates longer durations for moderate and se-
vere classes, particularly in the Sudano-Sahelian zone, reflecting the chronic low-
intensity water stress driven by rising PET that persists across multiple consec-
utive seasonal windows even when rainfall partially recovers. This distinction
carries direct agronomic implications: SPI-3 better captures acute, catastrophic
drought episodes damaging to annual crop establishment, while SPEI-3 better
characterizes the chronic, cumulative water stress that progressively degrades soil
moisture reserves and reduces agricultural yields over successive seasons—a pro-
cess of particular concern for the smallholder farming systems of Burkina Faso
[41].

In semi-arid Sahelian environments such as Burkina Faso, where rainfall vari-
ability remains the primary driver of drought but rising temperatures increasingly

amplify evaporative demand, SPEI-3 is the more comprehensive and agronomi-
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cally relevant indicator for frequency assessment, as it captures both precipitation
deficits and evapotranspiration-driven stress that SPI-3 systematically misses,
particularly for moderate and severe classes; however, SPI-3 remains the more re-
liable indicator for detecting extreme drought episodes, whose intensity and du-
ration are overwhelmingly controlled by catastrophic rainfall deficits that render
the evaporative component secondary—a complementarity that justifies the joint
use of both indices rather than the exclusive adoption of either one.

3.4. Intra-Seasonal and Inter-Index Contrasts in Drought
Occurrence across Climatic Zones

The seasonal distribution of drought occurrence across intensity classes and cli-
matic zones, as detected by SPI-3 and SPEI-3, is examined in Figure 5. It reveals
marked asymmetries between MJJ and ASO drought occurrence, between SPI-3
and SPEI-3, and across the three climatic zones, with patterns that are both scien-

tifically coherent and agronomically significant.

Seasonal drought occurrence (MJJ vs ASO) by intensity class — 1981-2021
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Figure 5. Seasonal drought occurrence (%) by intensity class at nine synoptic stations in Burkina Faso (1981-2021), comparing the
early rainy season (M]J: May-June-July, blue bars) and the late rainy season (ASO: August-September-October, red bars) for SPI-3
(upper panels) and SPEI-3 (lower panels). Occurrence is computed as the percentage of seasonal windows classified as Moderate
(—1.43 < index < —1.00), Severe (—1.83 < index < —1.43), or Extreme (index < —1.83) drought out of 41 available observations per
season and per station. Dashed vertical lines delimit the three climatic zones: Sahelian (Ouahigouya, Dori), Sudano-Sahelian (Oua-

gadougou, Dédougou, Boromo, Fada Ngourma), and Sudanian (Bobo-Dioulasso, Gaoua, P6). Values above bars indicate occurrence
in percent.

DOI: 10.4236/acs.2026.163032 642 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2026.163032

C. Compaoré et al.

M]JJ dominance across all zones. Under SPI-3, moderate drought occurrence is
systematically higher in MJJ than in ASO across the three climatic zones, with the
most pronounced contrast observed in the Sudano-Sahelian zone: Boromo (12%
M]JJ vs 7% ASO), Fada Ngourma (12% M]JJ vs 7% ASO), and Dédougou (10%
M]JJ vs 5% ASO). This MJ] dominance reflects the higher interannual variability
of rainfall onset over Burkina Faso, where delayed or insufficient early-season
rains—a recurrent feature of the West African monsoon—generate moderate wa-
ter deficits that normalize by the peak of the rainy season [42]. In the Sahelian
zone, Dori shows the inverse pattern (5% MJJ vs 12% ASO under SPI-3), suggest-
ing that in the northernmost station the late-season rainfall, which is already
structurally limited, is more prone to deficits than the early season.

SPEI-3 dramatically amplifies moderate drought occurrence relative to SPI-3
across all zones, confirming the evapotranspiration-driven component discussed
in previous Section. The Sudano-Sahelian zone reaches 17% - 18% at Dori and
Bobo-Dioulasso respectively, and the Sudanian zone shows a striking ASO domi-
nance at P6 (5% MJJ vs 16% ASO) and Bobo-Dioulasso (13% M]J vs 18% ASO).
This ASO reversal in the Sudanian zone under SPEI-3 is physically interpretable:
by August-October, the accumulated thermal energy of the rainy season drives
PET to its seasonal peak, amplifying the atmospheric water demand and generat-
ing SPEI deficits even when precipitation remains adequate by SPI standards. This
mechanism is consistent with findings by [43] for tropical semi-humid regions
under warming conditions.

Sahelian and Sudano-Sahelian concentration in MJ]. Severe drought under SPI-
3 is predominantly a MJJ] phenomenon in the Sahelian (Ouahigouya 5%, Dori 5%)
and Sudano-Sahelian zones (Ouagadougou 5%, Dédougou 5%, Boromo 5%), with
near-zero ASO occurrence except at Dori (7% ASO). Under SPEI-3, severe drought
occurrence increases substantially, particularly in ASO for the Sudano-Sahelian
zone (Ouagadougou 7%, Dédougou 8%, Fada Ngourma 7%) and for the Sudanian
zone at P6 (10% ASO vs 5% M]JJ), again reflecting the late-season evaporative am-
plification.

For the extreme class, SPI-3 and SPEI-3 produce broadly similar occurrence
values (2% - 5% range), with no systematic seasonal asymmetry across zones.
This convergence is consistent with the index behavior discussed in Section 3.3:
extreme drought episodes are driven by catastrophic precipitation deficits that
override the differential evaporative signal, making SPI-3 and SPEI-3 equivalent
detectors. The slight SPI-3 lead at Bobo-Dioulasso in MJ] (7%) and the SPEI-3
lead at P6 in ASO (5%) are the only notable exceptions, likely reflecting localized
precipitation-PET interactions.

Across all intensity classes, the MJ] season is the primary locus of drought oc-
currence under SPI-3, reflecting the sensitivity of rainfall onset to interannual var-
iability. SPEI-3 redistributes and amplifies this signal toward ASO, particularly in
the Sudanian zone, where late-season evaporative demand is highest. This sea-

sonal asymmetry has direct implications for agricultural drought risk assessment:
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early-season SPI-3 deficits threaten crop establishment and germination, while

late-season SPEI-3 deficits threaten grain filling and yield consolidation—two dis-

tinct vulnerability windows that require differentiated monitoring strategies [41].

3.5. Historical Drought Trend Analysis and Change Point
Detection (1981-2021)

3.5.1. Long-Term Drought Trends: Mann-Kendall Test and Sen’s Slope
The spatial and temporal patterns of SPI-3 and SPEI-3 trends across the nine syn-

optic stations are illustrated in Figure 6 and Figure 7. Results from the Hamed-

Rao modified Mann-Kendall test [29] reveal a predominantly positive trend in

both indices over 1981-2021, indicating a general shift toward wetter seasonal

conditions consistent with the post-1990s Sahelian rainfall recovery documented

in the literature [36] [44]. However, the spatial coherence, seasonal asymmetry,

and index-specific nature of these trends vary markedly across climatic zones.
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Figure 6. Mann-Kendall Z-statistics for SPI-3 and SPEI-3 seasonal drought trends at nine synoptic stations in Burkina Faso (1981-
2021), for the early rainy season (MJ]: May-June-July, upper panels) and the late rainy season (ASO: August-September-October,
lower panels). Blue bars indicate significant increasing trends (p < 0.05), red bars significant decreasing trends (p < 0.05), and grey
bars non-significant trends. The dashed horizontal lines mark the p = 0.05 significance threshold (|Z] = 1.96). Asterisks (*) denote
statistical significance. Dashed vertical lines delimit the three climatic zones: Sahelian (Ouahigouya, Dori), Sudano-Sahelian (Oua-
gadougou, Dédougou, Boromo, Fada Ngourma), and Sudanian (Bobo-Dioulasso, Gaoua, P6).
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Figure 7. Spatial distribution of SPI-3 and SPEI-3 seasonal drought trends at nine synoptic stations in Burkina Faso (1981-2021).
Blue upward triangles indicate significant increasing trends (p < 0.05); red downward triangles indicate significant decreasing trends
(p < 0.05); grey circles indicate non-significant trends. Symbol size is proportional to the absolute value of Sen’s slope magnitude
(units per decade). Values next to each station indicate Sen’s slope [32].

For Sahelian zone (Ouahigouya and Dori), both stations exhibit significant pos-
itive SPI-3 trends in both seasons. For MJJ, Ouahigouya shows the strongest signal
(Z=3.325, p = 0.0009, Sen’s slope = +0.476/decade) followed by Dori (Z = 2.707, p
=0.007, slope = +0.349/decade). In ASO, the trends remain highly significant and of
comparable magnitude (Ouahigouya: Z= 3.381, p = 0.0007, slope = +0.468/decade;
Dori: Z=2.670, p = 0.008, slope = +0.259/decade). Under SPEI-3, Dori retains a
significant positive trend in both MJJ (Z'= 3.605, p = 0.0003, slope = +0.424/dec-
ade) and ASO (Z=2.976, p = 0.003, slope = +0.388/decade), while Ouahigouya’s
SPEI-3 M]J]J trend, though positive, does not reach significance (Z = 1.718, p =
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0.086), suggesting that the rainfall recovery at this station during the early season
is partially offset by an increasing evaporative demand that moderates the net hy-
dric balance improvement. Both stations show significant positive SPEI-3 trends
in ASO (Ouahigouya: Z=3.201, p = 0.001; Dori: Z=2.976, p = 0.003), confirming
a robust late-season recovery across the Sahelian zone.

In the Sudano-Sahelian zone, trends vary spatially and display a pronounced
seasonal asymmetry. This zone exhibits the most complex trend structure. Under
SPI-3 in M]JJ, Ouagadougou (Z = 2.860, p = 0.004, slope = +0.108/decade), Dé-
dougou (Z= 3.597, p = 0.0003, slope = +0.256/decade), and Boromo (Z= 2.213,
p = 0.027, slope = +0.326/decade) show significant positive trends, while Fada
N’Gourma stands out as the only station with a near-zero and non-significant
trend (Z = -0.194, p = 0.846, slope = —0.031/decade). In ASO under SPI-3, the
trend field reorganizes: Ouagadougou becomes the strongest signal in the entire
dataset (Z=4.208, p < 0.0001, slope = +0.504/decade), Fada Ngourma recovers a
significant positive trend (Z = 2.684, p = 0.007, slope = +0.405/decade), while
Boromo loses significance (Z= 1.101, p = 0.271), suggesting that the rainfall re-
covery in the western Sudano-Sahelian sector is concentrated in the late season
rather than at monsoon onset.

Under SPEI-3, the contrast between MJJ and ASO sharpens further. In MJJ,
only Boromo retains a significant positive SPEI-3 trend (Z = 4.112, p < 0.0001,
slope = +0.376/decade), while Fada Ngourma registers the only significant de-
creasing trend in the entire dataset (Z=—2.005, p = 0.045, slope = —0.216/decade).
This isolated negative SPEI-3 M]JJ signal at Fada Ngourma, absent in SPI-3, indi-
cates that at this station early-season moisture stress is increasing due to rising
evapotranspiration demand even as precipitation trends remain neutral—a pat-
tern consistent with the thermal amplification observed in the eastern Sudano-
Sahelian belt under ongoing warming [38]. In SPEI-3 ASO, Ouagadougou (Z =
3.916, p = 0.0001), Dori (Z = 2.976), Dédougou (Z = 2.791, p = 0.005), and Fada
Ngourma (Z = 2.587, p = 0.010) all show significant positive trends, underscoring
that late-season hydric conditions have improved across the zone despite the
early-season SPEI-3 anomaly at Fada Ngourma.

Within the Sudanian zone, MJJ trends remain largely absent while ASO signals
begin to emerge. The three southern stations (Bobo-Dioulasso, Gaoua, P6) show
no significant SPI-3 or SPEI-3 trend in MJJ under any index, with Z-statistics well
below the £1.96 threshold. This absence of trend at monsoon onset in the Suda-
nian zone contrasts sharply with the Sahelian and Sudano-Sahelian zones and may
reflect the greater stability of early-season rainfall in the humid south, where in-
terannual variability is lower and monsoon onset is less sensitive to large-scale
circulation anomalies [42]. In ASO, P6 shows a significant positive SPI-3 trend (Z
= 3.125, p = 0.002, slope = +0.298/decade), and Bobo-Dioulasso a strong positive
SPEI-3 ASO trend (Z=4.001, p = 0.0001, slope = +0.268/decade) without reaching
significance under SPI-3 (Z = 1.674, p = 0.094)—again pointing to an evapotran-

spiration-mediated improvement in late-season water balance in the Sudanian
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zone that SPI-3 alone would underdetect.

3.5.2. Structural Change Point Analysis: Pettitt Test
Figure 8 presents the results of the Pettitt test applied to drought indices over the

study period, revealing two distinct temporal clusters of significant change points,

the annual time series with annotated change points and pre/post-rupture means

for all significant cases are provided in Supplementary Figure S1.
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Figure 8. Pettitt test change point years for SPI-3 and SPEI-3 seasonal drought series at nine synoptic stations in Burkina Faso (1981-
2021), for the early rainy season (MJ], upper panels) and the late rainy season (ASO, lower panels). Red bars indicate statistically
significant change points (p < 0.05); grey bars indicate non-significant change points. Asterisks (*) denote significance at p < 0.05.
Dashed vertical lines delimit the three climatic zones. Values above bars indicate the detected change point year.

First cluster: 1988-1997 (early recovery phase). Significant change points dur-
ing this window are concentrated in the Sahelian and Sudano-Sahelian zones
in MJJ under SPI-3: Ouahigouya (1997, p = 0.004) and Dori (1997, p = 0.019)

both record a structural upward shift in early-season SPI-3 around 1997, con-
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sistent with the abrupt intensification of the Sahelian rainfall recovery docu-
mented after the mid-1990s [44]. Dédougou also shows a 1997 change point in
SPI-3 MJ]J, though not significant (p = 0.178), and Fada Ngourma records an
early non-significant change point in 1992 for SPI-3 ASO (p = 0.013, signifi-
cant), suggesting that the late-season recovery in the eastern Sudano-Sahelian
sector preceded the early-season shift. Dédougou’s SPI-3 ASO change point
occurs earlier, in 1988 (p = 0.035, significant), which may be related to local
rainfall redistribution rather than a basin-wide signal. Under SPEI-3, Dori’s
change point in MJJ (1997, p = 0.002) and Ouahigouya’s ASO change point
(2007, p = 0.002) confirm that the recovery signal propagated progressively
from precipitation to the integrated hydric balance index.

* Second cluster: 2007-2009 (intensification phase). A second cluster of signifi-
cant change points emerges in the 2007-2009 window, primarily in SPI-3 and
SPEI-3 ASO for the Sahelian and Sudano-Sahelian zones. Ouahigouya (SPI-3
ASO, 2007, p = 0.003), Ouagadougou (SPI-3 ASO, 2007, p = 0.005; SPEI-3
ASO, 2007, p = 0.013), and Fada Ngourma (SPEI-3 ASO, 1992, p = 0.031) all
record significant shifts, suggesting a second intensification of positive condi-
tions after 2007 that reinforced the earlier recovery. This double-phase struc-
ture—initial shift in the mid-1990s followed by a reinforcement around 2007-
2009—is consistent with the non-monotonic nature of Sahelian rainfall recov-
ery described by [45], who documented increasing rainfall intensity and fre-
quency of extreme wet events in the 2000s.

The Sudanian zone shows no significant Pettitt change points under any index
or season, reinforcing the interpretation that long-term hydroclimatic reorgani-
zation over 1981-2021 is primarily a Sahelian and Sudano-Sahelian phenomenon,
with the Sudanian zone remaining structurally stable throughout the period de-
spite the isolated emerging ASO trends noted above.

The synthetic heatmap (Figure 9) consolidates the Mann-Kendall Z-statistics,
Sen’s slopes, and Pettitt change point years for all index-season combinations
across the nine stations, providing a direct cross-reading of trend significance,
magnitude, and structural timing. Several patterns stand out clearly. The upper
panels confirm the northward concentration of significant positive trends, with
the Sahelian zone showing the highest Z-values and largest Sen’s slopes in both
M]JJ and ASO under SPI-3, while the Sudanian zone remains predominantly grey
(non-significant). The single red cell at Fada Ngourma under SPEI-3 MJJ—the
only negative significant trend in the dataset—is immediately identifiable against
the otherwise positive background of the Sudano-Sahelian zone, highlighting its
anomalous character. The lower panels reveal that significant Pettitt change
points (dark cells) cluster in the 1997-2009 window for the Sahelian and Sudano-
Sahelian zones, with a notable absence of significant structural breaks across the
entire Sudanian zone, reinforcing the interpretation of a geographically bounded
hydroclimatic reorganization that has not yet propagated to the southern sector

of Burkina Faso.
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Figure 9. Synthetic heatmap of Mann-Kendall trend statistics and Pettitt change point years for SPI-3 and SPEI-3 seasonal drought
series at nine synoptic stations in Burkina Faso (1981-2021). Upper panels display the Mann-Kendall Z-statistic (Hamed-Rao mod-
ified test) and Sen’s slope S (units per decade) for each station-index-season combination. Lower panels display the Pettitt test
change point year for each combination, with the yellow-to-dark colormap indicating earlier (darker) to later (lighter) change points.
Asterisks (*) denote statistical significance at p < 0.05 for both the Mann-Kendall trend test and the Pettitt change point test. Dashed

horizontal lines delimit the three climatic zones.

3.6. Limitations of Spatial Representativeness

Given the extreme spatial heterogeneity of mesoscale convective systems that
drive Sahelian rainfall, the nine synoptic stations used in this study cannot be as-
sumed to provide a spatially continuous or exhaustive characterization of drought
across Burkina Faso’s 274,200 km? territory. Rather, these stations were selected
specifically for their long-term data continuity and their distribution across the
country’s three main climatic zones (Sahelian, Sudano-Sahelian, Sudanian), mak-
ing them representative reference points along the national climatic gradient ra-
ther than a dense spatial network capable of resolving sub-regional rainfall varia-

bility.
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Consequently, the drought characterizations and trends reported here should
be interpreted as indicative of station-level and zone-representative dynamics, not
as spatially interpolated or basin-wide drought fields. This approach is consistent
with common practice in data-scarce Sahelian contexts, where long, homogene-
ous synoptic records are prioritized over spatial density; nonetheless, future work
integrating satellite-derived precipitation products (e.g., CHIRPS, TAMSAT) or a
denser station network would help capture finer-scale spatial variability within

each climatic zone.

4. Conclusions

This study characterized the spatio-temporal variability of historical meteorolog-
ical droughts over the period 1981-2021, using the SPI-3 and SPEI-3 indices com-
puted at nine synoptic stations representative of Burkina Faso’s three climatic
zones—Sahelian, Sudano-Sahelian, and Sudanian—and applied to the two key
sub-seasonal windows of the rainy season: the early season (M]]: May-June-July)
and the late season (ASO: August-September-October).

The monthly time series analysis reveals three structurally distinct hydrocli-
matic phases. The period 1981-1990 was dominated by severe and extreme drought
conditions, spatially coherent across all zones and both seasons, with the most
persistent and intense signals concentrated in the Sahelian zone. The transitional
period 1991-2010 was characterized by a partial but geographically differentiated
rainfall recovery—the so-called Sahel greening—accompanied by the progressive
emergence of evapotranspiration-driven water stress episodes that SPI-3 alone
cannot detect. The post-2015 period exhibits a marked intensification of hydro-
climatic variability, with rapid alternations between extreme dry and wet events
occurring simultaneously across zones, consistent with a reconfiguration of the
West African monsoon system under ongoing climate change.

The seasonal analysis of drought categories, frequency, and occurrence reveals
a dual-mode structure in drought dynamics across Burkina Faso. The early rainy
season (MJ]) constitutes the primary locus of drought occurrence under SPI-3,
driven by the high interannual variability of monsoon onset—a vulnerability that
directly threatens crop establishment and germination. The late rainy season (ASO),
by contrast, experiences a systematically amplified drought signal under SPEI-3,
particularly in the Sudanian zone, where cumulative thermal loading drives poten-
tial evapotranspiration to its seasonal peak by August-October, generating water
stress that is invisible to precipitation-only monitoring. This seasonal asymmetry
identifies two distinct agronomic vulnerability windows that require differenti-
ated monitoring and early warning strategies. The frequency and duration analy-
sis further demonstrates that SPEI-3 is the more comprehensive indicator for mod-
erate and severe drought assessment, capturing the evapotranspiration-driven stress
component that SPI-3 systematically misses, while SPI-3 retains superior sensitiv-
ity for detecting extreme drought episodes governed by catastrophic precipitation

deficits. This index complementarity is not a methodological redundancy but a
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diagnostic necessity: in a warming semi-arid environment such as Burkina Faso,
where rainfall variability remains the primary driver of drought but rising tem-
peratures increasingly amplify evaporative demand, the joint use of both indices
provides a fuller picture of hydroclimatic risk than either alone.

The trend and change point analysis reveals a predominantly positive long-
term evolution in both SPI-3 and SPEI-3 across the Sahelian and Sudano-Sahelian
zones, with significant increasing trends concentrated in ASO and structured around
two clusters of structural change points: a first shift around 1997 marking the on-
set of the Sahelian rainfall recovery, and a second reinforcement around 2007-
2009 reflecting the intensification of late-season precipitation documented by
[45]. These positive trends are, however, spatially bounded: the Sudanian zone
shows no significant trends in MJJ and no significant structural breaks under any
index or season, indicating that the hydroclimatic reorganization observed since
the mid-1990s remains a Sahelian and Sudano-Sahelian phenomenon that has not
yet propagated to the southern sector of the country. Against this predominantly
positive background, the isolated significant decreasing SPEI-3 MJJ trend at Fada
Ngourma—the only negative significant trend in the entire dataset—constitutes a
critical outlier, signaling that early-season moisture stress is intensifying at this
station under rising evaporative demand even as rainfall trends remain neutral, a
pattern that warrants targeted monitoring given its implications for rainfed agri-
culture in the eastern Sudano-Sahelian zone.

Several limitations should be acknowledged. The analysis is restricted to mete-
orological drought; propagation to agricultural and hydrological drought via soil
moisture and streamflow was not addressed and warrants future investigation us-
ing SPEI-6 and SPEI-12. Land-use and land-cover changes, which significantly
alter surface energy balance and runoff generation in the context of the Sahelian
paradox [20] [21], were not incorporated into the drought attribution framework.
Additionally, extending the station network to include hydrometric data would
enable a joint meteorological-hydrological drought analysis consistent with the
Nakanbé basin literature [7].

These findings carry direct operational relevance for drought risk management
in Burkina Faso. SPEI-based monitoring should complement or replace SPI-only
frameworks in national early warning systems, particularly given the thermal am-
plification documented here. Spatially differentiated adaptation strategies are re-
quired: water conservation and soil moisture management in the central and east-
ern sectors where evapotranspiration-driven drying trends are emerging, and in-
vestment in water storage infrastructure in the northern Sahelian zone where rain-
fall recovery is documented but early-season vulnerability persists. The compres-
sion of the effective growing season and the intensification of late-season water
stress identified in this study could critically threaten millet, sorghum, and maize
yields—the foundation of food security for a country where more than 80% of the
population depends on rainfed agriculture. Integrating the intra-seasonal hydro-

climatic dynamics characterized here—and in particular the SPI/SPEI divergence
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as a thermal amplification signal—into national agricultural planning, groundwa-

ter management frameworks, and surface water monitoring programs such as

those currently underway in the Nakanbé basin represents an urgent and tractable

priority for climate adaptation in the Sahel.
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Appendix
Station Zone Index Season N MK MK  Sen slope Trend Pettitt  Pettitt ‘ Pe‘ttitt
years p-value (/decade) CP year p-value significant
Ouahigouya Sahelian SPI-3 MJJ] 41 3.325 0.0009 0.4758 Increasing 1997  0.0037 Yes
Dori Sahelian SPI-3 MJ] 41 2707 0.0068 0.3493  Increasing 1997  0.0222 Yes
Ouagadougou Sudano-Sahelian SPI-3 M]J] 41 2.86 0.0042 0.1077 Increasing 2008  0.0012 Yes
Dédougou  Sudano-Sahelian SPI-3 M]JJ 40 3.597 0.0003 0.2557 Increasing 1997  0.1823 No
Boromo Sudano-Sahelian SPI-3 M]JJ 41 2213 0.0269 0.3259 Increasing 2008  0.0337 Yes
Fada Ngourma Sudano-Sahelian SPI-3 MJ] 41 -0.194 0.8461 —0.0314 Notrend 1995 0.9103 No
Bobo-Dioulasso Sudanian SPI-3  M]JJ 41  0.685 0.4933  0.0929 No trend 1990 0.681 No
Gaoua Sudanian SPI-3  M]J 41  0.213 0.831 0.0463 No trend 1984  0.6077 No
Po Sudanian SPI-3  M]J 41 0.988 0.3231 0.1285 No trend 1986  0.5876 No
Ouahigouya Sahelian SPI-3 ASO 41 3.381 0.0007 0.4677 Increasing 2007  0.0019 Yes
Dori Sahelian SPI-3 ASO 41 2.67 0.0076 0.259 Increasing 2009  0.0495 Yes
Ouagadougou Sudano-Sahelian SPI-3 ASO 41  4.208 0 0.5039  Increasing 2007  0.0046 Yes
Dédougou  Sudano-Sahelian SPI-3 ASO 41 2.797 0.0052 0.3769 Increasing 1988  0.0359 Yes
Boromo Sudano-Sahelian SPI-3 ASO 41 1.101 0.271 0.0221 Notrend 1993  0.4006 No
Fada Ngourma Sudano-Sahelian SPI-3 ASO 41 2.684 0.0073 0.4053 Increasing 1992  0.0123 Yes
Bobo-Dioulasso Sudanian SPI-3 ASO 41 1.674 0.0942  0.267 Notrend 2014  0.1802 No
Gaoua Sudanian SPI-3 ASO 41 1.359 0.1741 0.2124 Notrend 2018  0.5636 No
Po Sudanian SPI-3 ASO 41 3.125 0.0018 0.2975 Increasing 1991 0.081 No
Ouahigouya Sahelian SPEI-3 MJ] 41 1718 0.0857 0.2287 Notrend 1991  0.0468 Yes
Dori Sahelian SPEI-3 MJ] 41 3.605 0.0003 0.4237 Increasing 1997 0.0021 Yes
Ouagadougou Sudano-Sahelian SPEI-3 MJ] 41  0.348 0.7277 0.0617 Notrend 2008  0.3982 No
Dédougou  Sudano-Sahelian SPEI-3 M]JJ 38 1.621 0.1049 0.1648 No trend 1997 0.574 No
Boromo Sudano-Sahelian SPEI-3 M]JJ 41 4.112 0 0.3757  Increasing 2008 0.017 Yes
Fada Ngourma Sudano-Sahelian SPEI-3 M]J] 41 -2.005 0.045 -0.2162 Decreasing 2010  0.3849 No
Bobo-Dioulasso Sudanian SPEI-3 M]J] 40 0.361 0.718 0.0425 No trend 2016  0.9599 No
Gaoua Sudanian SPEI-3 M]J] 41 -0.056 0.9552 -0.0015 No trend 1984 0.7427 No
Po6 Sudanian SPEI-3 M]J] 37 0719 0.4719 0.1366 No trend 1991 0.617 No
Ouahigouya Sahelian SPEI-3 ASO 41 3.201 0.0014 0.4512 Increasing 2007  0.0012 Yes
Dori Sahelian SPEI-3 ASO 41 2976 0.0029 0.3875 Increasing 2009  0.0088 Yes
Ouagadougou Sudano-Sahelian SPEI-3 ASO 41  3.916 0.0001 0.4575 Increasing 2007  0.0142 Yes
Dédougou  Sudano-Sahelian SPEI-3 ASO 38 2.791 0.0053  0.265  Increasing 2006  0.2117 No
Boromo Sudano-Sahelian SPEI-3 ASO 41 1.37  0.1706  0.1627 Notrend 1993  0.3468 No
Fada Ngourma Sudano-Sahelian SPEI-3 ASO 40  2.587 0.0097 0.3726 Increasing 1992  0.0274 Yes
Bobo-Dioulasso Sudanian SPEI-3 ASO 38 4.001 0.0001 0.2676 Increasing 2014  0.1906 No
Gaoua Sudanian SPEI-3 ASO 41 1.438 0.1505 0.2133 Notrend 2018  0.4264 No
Po Sudanian SPEI-3 ASO 37 1711 0.087 0.1705 Notrend 1989  0.4204 No
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= Positive index (wetter than normal) —— Pettitt change point (CP) —— Post-CP mean
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Figure S1. Annual SPI-3 and SPEI-3 time series for all station-index-season combinations exhibiting a statistically significant Pettitt
change point (p < 0.05), Burkina Faso, 1981-2021. Blue bars indicate positive index values (wetter than normal); red bars indicate
negative values (drier than normal). The vertical black line marks the Pettitt change point year (CP); the Pettitt p-value is indicated
above the line. Horizontal lines show the pre-change point mean (blue) and post-change point mean (red), with numerical values
annotated. Dashed orange and red horizontal lines indicate the severe drought threshold (SPI-3/SPEI-3 < -1.43) and extreme
drought threshold (SPI-3/SPEI-3 < —1.83), respectively, following the classification of McKee et al. (1993) as adapted by WMO
(2012). The Mann-Kendall Z-statistic (Hamed-Rao correction) and Sen’s slope S (per decade) are reported in each panel title; as-
terisks (*) denote significance at p < 0.05. Panels are ordered by climatic zone (Sahelian, Sudano-Sahelian, Sudanian) and station

name.
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