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ABSTRACT 9 

Climate change is increasingly intensifying drought conditions across West Africa, with northern Togo 10 
emerging as one of the most drought-vulnerable sub-regions of the continent yet lacking locally adapted 11 
tools for effective droughts monitoring and moisture deficit assessment. This study analyses rainfall 12 
variability, drought frequency and moisture deficit across three agroecological zones of northern Togo from 13 
1981 to 2025. Three synoptic stations were combined with NASA Prediction of Worldwide Energy 14 
Resources reanalysis and Climate Hazards Group InfraRed Precipitation with Stations satellite data. The 15 
Hamed-Rao modified Mann-Kendall test, Sen slope estimator and three change-point tests (Pettitt, 16 
Buishand, and Standard Normal Homogeneity Test) were applied to annual, seasonal and monthly 17 
timescales. The Standardized Precipitation Index, Standardized Precipitation-Evapotranspiration Index and 18 
Willmott-Feddema Moisture Index were calculated to evaluate drought conditions and moisture 19 
availability. No statistically significant precipitation trends were detected at any station, while a significant 20 
warming of +0.27 to +0.34 °C per decade amplified evapotranspiration demand. Consequently, the two 21 
drought indices have progressively diverged since 2003, a signal invisible when considering only 22 
precipitation, driven by a spatially coherent temperature change point identified around 2001-2003. All 23 
stations recorded exclusively negative Moisture Index values, confirming a permanent deficit of water in 24 
the entire area. Spatial analysis revealed predominantly positive moisture trends, with significant negative 25 
trends confined to fewer than 8% of grid cells. These findings emphasize the need for temperature-sensitive 26 
drought indices in early warning systems and provide critical insights for rain-fed cereal production and 27 
water resource management in one of West Africa's most climate-exposed regions. 28 

Keywords: drought, standardized precipitation index (SPI), standardized precipitation-evapotranspiration 29 
index (SPEI), moisture index, water balance, northern Togo, West Africa. 30 
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1 Introduction 35 

Climate change is one of the most urgent environmental issues facing the 21st century and has a 36 

profound impact on the global water cycle. This is evident in changing rainfall patterns, increased 37 

evapotranspiration demand, and more frequent extreme weather and hydrological event (Cosgrove 38 

et al. 2000;Calvin et al. 2023,Wang and Liu 2023). This is one of the region’s most vulnerable to 39 

climate change. According to the IPCC (2023), an increase in temperature of 1.5°C or more 40 

compared to pre-industrial levels would cause irreparable damage to water reserves and 41 

agricultural productivity. Drought can be classified as meteorological, agricultural, hydrological 42 

or socio-economic (Wilhite and Glantz 1985; Mishra and Singh 2010), ), an increase in 43 

temperature of more than 1.5 °C compared to pre-industrial levels would cause irreversible damage 44 

to water resources and agricultural productivity. Drought can be classified as meteorological, 45 

agricultural, hydrological or socio-economic (Vicente-Serrano et al. 2010; Beguería et al. 2014). 46 

In sub-Saharan Africa, a terrible drought occurred in the 1970s and 1980s, followed by a 47 

spatially heterogeneous rainfall recovery from the 1990s onwards (Barbé et al. 2002; Lebel and 48 

Ali 2009; Rauch et al. 2025). Recent analyses confirm persistent precipitation deficits in 49 

northwestern Africa, where a SPI-SPEI divergence caused by climate change increases the risk of 50 

drought regardless of precipitation trends (Akinwale T. Ogunrinde et al. 2024), (Tefera et al. 2024; 51 

Mohammed et al. 2024; Bodjrènou et al. 2025). 52 

Northern Togo, which extends through the savannah and transition zones towards the 53 

Sahel, is particularly vulnerable to variations in rainfall and water scarcity in agriculture. However, 54 

Togolese hydrological literature is quite scarce compared to that of neighbouring countries such 55 

as Nigeria (Ogunrinde et al., 2019), Ghana (Nkrumah et al., 2014) and Burkina Faso (Tazen et al., 56 

2019). Current research on Togo documents an increase in reference evapotranspiration and aridity 57 

(Djaman and Ganyo, 2015), a decrease in precipitation at 80% of meteorological stations between 58 

1961 and 2001 (Djaman, 2017), the predominance of drought periods based on the SPI index in 59 

southern stations (Koudahe et al., 2017), a shortening of the rainy season in northern regions since 60 

the 1970s (Djaman, 2017), and spatial variability in precipitation and temperature trends in the 61 

savannah region (Yao et al., 2023).  62 

Northern Togo, spanning the Sudanian savanna and sub-Sahelian transition zones, is 63 

particularly vulnerable to variations in rainfall and water scarcity in agriculture. However, 64 

Togolese hydrological literature is quite scarce compared to that of neighbouring countries such 65 
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as Nigeria (Ogunrinde et al. 2019), Ghana (Nkrumah et al. 2014), and Burkina Faso (Tazen et al. 66 

2019). Current research on Togo documents an increase in reference evapotranspiration and aridity 67 

(Djaman and Ganyo 2015), ), a decrease in precipitation at 80% of meteorological stations between 68 

1961 and 2001(Djaman 2017), the predominance of drought periods based on the SPI index in 69 

southern stations (Koudahe et al. 2017), a shortening of the rainy season in northern regions since 70 

the 1970s (Djaman 2017), and spatial variability in precipitation and temperature trends in the 71 

savannah region (Yao et al. 2023). More recently, extreme precipitation events in the Oti river 72 

basin in northern Togo have been analysed using climate indices and CORDEX-Africa projections 73 

for the period between 1961 and 2022. This analysis has revealed significant trends related to 74 

extreme precipitation linked to the West African monsoon and interannual variability induced by 75 

the El Niño-Southern Oscillation (ENSO) phenomenon. Despite these advances, critical gaps 76 

remain. Firstly, all analyses conducted in Togo are based on sparse station networks, without 77 

spatial extension through reanalysis or satellite products. This limits their spatial 78 

representativeness. Bodjrènou et al. (2025) identified this limitation in neighbouring Benin. The 79 

authors have demonstrated that studies based on one or three stations per climatic zone do not 80 

adequately capture the variability of droughts at a subregional level. They have also demonstrated 81 

that reanalysis data sets offer a promising alternative to address these gaps. Secondly, there is no 82 

evidence that research has been conducted applying the Willmott-Feddema moisture index (MI) 83 

to characterise the permanent water deficit regime in the three agro-ecological zones of northern 84 

Togo, or to quantify the geographical covariates (latitude, altitude and mean potential 85 

evapotranspiration (PET)) that regulate the north-south water deficit gradient. Third, Ogunrinde et 86 

al. (2024) have demonstrated that the variability of drought at different scales in West Africa is 87 

due to complex interactions between large-scale climate indices and regional moisture dynamics, 88 

with the Sahel experiencing the most severe and prolonged drought trends. However, there is no 89 

evidence of an equivalent analysis that integrates SPI, SPEI and MI with a mapping of spatial 90 

trends for northern Togo. Furthermore, the recent intensification of drought risk due to the 91 

divergence of SPI-SPEI induced by warming, documented by Tefera et al. (2024), in Ghana and 92 

Burkina Faso, and confirmed for 2023 by an analysis (Kongo and Arreyndip 2025) showing how 93 

warming induced by El Niño has amplified the drought independently of precipitation anomalies 94 

in the Sahel, has not been evaluated for northern Togo based on a period of observation extending 95 

to 2025. There is also no information on previous studies that have simultaneously integrated 96 
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seasonal observations with gridded reanalysis products over the entire area of the three 97 

agroecological zones in northern Togo, or that have systematically quantified the geographical 98 

covariates that regulate the spatial gradient of moisture deficit in the region. 99 

This research has addressed these deficiencies with three objectives: (i) evaluate 100 

precipitation and temperature trends using several complementary statistical methods; (ii) 101 

characterise the frequency, severity and duration of drought using the Standardised Precipitation 102 

Index (SPI), the Standardised Precipitation-Evapotranspiration Index (SPEI) and the Standardised 103 

Moisture Index (MI); and (iii) map spatial moisture deficit trends using NASA POWER and 104 

CHIRPS and quantify their geographical variables using Spearman's correlation. The peculiarity 105 

of this study lies in the simultaneous application of the soil moisture index (MI), the standardized 106 

precipitation index (SPI) and the standardized precipitation-evapotranspiration index (SPEI). The 107 

results of this study are complemented by comprehensive mapping of spatial trends at two 108 

resolutions (0.5° and 0.05°) and the application of three testing procedures for identifying 109 

inflection points, including the modified Hamed-Rao Mann-Kendall test, and a study period (1981-110 

2025) extending four to ten years beyond that of most comparable regional analyses. 111 

 112 

2 Materials and Methods 113 

2.1  Study area 114 

Northern Togo is located between latitudes 8.5°N-11.2°N and longitudes 0.3°E-1.5°E on the 115 

western coast of Africa. It is bounded by Burkina Faso to the north, Ghana to the west, and Benin 116 

to the east (Fig. 1). The climate in this region is regulated by the western African monsoon and the 117 

seasonal migration of the intertropical convergence zone (Nicholson 2013; Biasutti 2019). 118 

Precipitation is unimodal (from May to October), with mean annual rainfall decreasing from 1260 119 

mm in Sokodé (8.98° N) to 1050 mm in Mango (10.37° N) (Djaman 2017; Yao et al. 2023). 120 

Average temperatures range from 22 °C to 38 °C, peaking during the Harmattan period (November 121 

to April). Three synoptic stations have been selected (see Table 1): Sokodé (Tall Grass Savanna, 122 

TGS), Kara (Short Grass Savanna, SGS) and Mango (Marginal Savanna, MS). These correspond 123 

to the three agro-ecological zones defined by Djaman (2017) and Ali (2021). Altitudes range from 124 

143 to 423 m above sea level (Copernicus DEM 2021), and the Atacora mountain range (600 m) 125 

forms the western watershed. 126 

 127 
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Table 1 Meteorological stations used in this study. 128 

Station Latitude 

(°N) 
Longitude 

(°E) 
Elevation 

(m) 
Agro-eco. zone Period 

Sokodé 8.98 1.14 371 Tall Grass 

Savanna 
1981-2025 

Kara 9.55 1.19 423 Short Grass 

Savanna 
1981-2025 

Mango 10.37 0.47 143 Marginal Savanna 1981-2025 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 
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 139 

 140 

 141 

 142 

 143 

 144 

Fig. 1 Northern Togo showing the three study regions (Centrale, Kara, Savanes), agro-ecological 145 

zones (adapted from FAO/IIASA Global AEZ database, 2021), hydrography, major towns, and 146 

the three synoptic stations (yellow circles) used in this study. Insets show the study-area location 147 

within Togo (top) and West Africa (bottom). 148 
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2.2  Data collection and analysis 149 

The database includes monthly precipitation series, as well as maximum (T_(max)), mean 150 

(T_(mean)) and minimum (T_(min)) temperature series. These were obtained from data provided 151 

by the National Meteorological Service of Togo (DGMN) between 1981 and 2025. The data 152 

quality was evaluated using the double-curve mass technique (Kohler 1949); homogeneity was 153 

evaluated using the point change test described in Section 2.5; and missing monthly values were 154 

evaluated using the normal relationship methodology. The NASA POWER project (Zhang et al. 155 

2010) provided monthly climatological data with a resolution of 0.5° for the period from 1981 to 156 

2024 (84 grid points). The ERA5-Land model was considered but ultimately rejected due to 157 

inadequately parametrized Saharan convective systems at mesoscale (Sylla et al. 2013), as well as 158 

an artificial increase in Saharan precipitation after the mid-1990s (Hersbach et al. 2020). To 159 

analyse trends in pixels between 1981 and 2024, we used CHIRPS v2.0 (Funk et al. 2015) with a 160 

resolution of 0.05°. Validation using meteorological station observations (Table 2) revealed a 161 

moderate temporal correlation (r = 0.43-0.57) and a systematic biases (Mango: +19.7%). For this 162 

reason, the maps should be interpreted as showing relative trends rather than absolute values. The 163 

analysis of stationary series (precipitation, SPI, SPEI, MI, inflection point test and period analysis) 164 

covers the entire period from 1981 to 2025. Conversely, the spatial analysis using NASA POWER 165 

and CHIRPS products was limited to the period from 1981 to 2024, since these mosaic products 166 

were only available from December 2024 when the analysis was conducted. The two-year 167 

difference did not affect the main conclusions, as the temperature change (2001-2003) and 168 

divergence between the SPI and SPEI indices after 2003 are robust characteristics of the 1981-169 

2024 period. These were confirmed independently by station data and analytics. 170 

 171 

Table 2 Validation of NASA POWER annual precipitation against station observations 172 

(1981-2024, n = 44). 173 

Station Obs. mean 

(mm yr⁻¹) 
POWER 

mean (mm 

yr⁻¹) 

Bias 

(%) 
r NSE 

Sokodé 1262 1254 −0.6 0.43 −0.14 

Kara 1276 1158 −9.3 0.47 −0.32 

Mango 1058 1267 +19.7 0.57 −1.87 

 174 
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2.2.1  Drought and water balance indices 175 

The annual ETp estimation was performed using temperature as the independent variable, 176 

according to the methodology developed by Hargreaves-Samani (1985) and adapted for areas 177 

without irradiance, humidity and wind speed data  (Droogers and Allen 2002; Djaman 2017): 178 

 179 𝑃𝐸ܶ =  0.0023 ×  ܴܽ × − ݔܽ݉ܶ)√   ܶ݉݅݊)  ×  (ܶ݉݁ܽ݊ +  17.8) ×  ݀ (1) 180 

 181 

Where Ra represents extraterrestrial solar radiation (mm/day⁻¹) (Allan et al. 1998), 182 

T_(max), T_(min) and T_(mean) are the monthly mean temperatures (°C) and d is the number of 183 

days in the month. The Hargreaves and Samani methodology was applied and validated in previous 184 

hydroclimatic studies in Togo (Djaman and Ganyo 2015; Djaman 2017). However, it should be 185 

recognised that the Hargreaves and Samani methodology may underestimate PET in strong wind 186 

conditions and overestimate it in very humid environments, due to its exclusive dependence on 187 

temperature as a proxy for net radiation (Droogers and Allen 2002). In northern Togo, where the 188 

harmattan generates violent winds and low humidity, this methodology may slightly underestimate 189 

the PET of the dry season, which would reduce the SPEI and MI deficits calculated. This limitation 190 

is intrinsic to environments with limited data and does not affect the direction of the trends 191 

presented, since any systematic error in estimating the PET would remain constant throughout the 192 

study period. 193 

The Willmott-Feddema, (1992) Moisture Index (MI) (Eq. 2) quantifies the annual water 194 

balance on a scale from -100 (extreme aridity) to +100 (maximum humidity); (Mccabe and Wolock 195 

2007; Ogunrinde et al. 2019): 196 

= ܫܯ 197   100 ( ௉௉ா் −  1) ݂݅ 𝑃 <  𝑃𝐸ܶ; = ܫܯ       100 (1 − ௉ா்௉ ) ݂݅ 𝑃 ≥  𝑃𝐸ܶ (2) 198 

 199 

P stands for the annual rainfall (in mm). The reference value of the MI index = -20 marks 200 

the boundary between semi-arid and subhumid regions (Willmott and Feddema 1992). The SPI 201 

index (McKee et al. 1993) was calculated over a period of 12 months and a two-parameter gamma 202 

distribution was fitted to the annual rainfall, whereby the density function (ݔ)ܪ  = + ݍ   (1 −203 
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 was transformed into a standard normal distribution (Abramowitz and Stegun 1965). The 204 (ݔ)ܩ(ݍ 

reference values for classifying the SPI index follow those of McKee et al. (1993): 'moderate 205 

dryness' for an SPI index below -1, 'very dry' for an SPI index below -1.5, and 'extremely dry' for 206 

an SPI index below -2. The SPEI (Vicente-Serrano et al. 2010) builds on the SPI by replacing the 207 

precipitation with the monthly water balance ݅ܦ =  𝑃݅ −  𝑃𝐸ܶ݅ , applying a Pearson-III 208 

distribution to Di and performing an inverse normal transformation. The inclusion of PET makes 209 

the SPEI more sensitive to the intensification of droughts due to climate change than the SPI 210 

(Beguería et al. 2014; Spinoni et al. 2019). All indices were calculated for the three seasons (1981-211 

2025) and for the 84 points of the NASA-POWER-Mesh (1981-2024). 212 

 213 

2.2.2  Trend analysis 214 

The non-parametric Mann-Kendall (MK) test (Mann 1945; Kendall 1975) was used as the primary 215 

method for detecting trends, since it does not require any distributional assumptions and is robust 216 

to outliers (Gocic and Trajkovic 2013; Ogunrinde et al. 2019). The S test statistic and the variance 217 

σ²(S) follow standard formulations (Mann 1945), and the corresponding significance values are 218 ݌ ≤  0.05 (|ܼ|  ≥  1.96), ≥ ݌  0.01 (|ܼ|  ≥  2.576), ≥ ݌  0.001 (|ܼ|  ≥  3.291). When 219 

significant first-order autocorrelation is detected (|₁ݎ|  >  2/√݊ ≈ = ݊ ݎ݋݂ 0.30   44), the MK-220 

HR test of  Hamed and Ramachandra Rao (1998) corrects the S variance to account for the 221 

effective sample size, n/n*. The standard MK and MK-HR tests were applied using the 222 

pyMannKendall package (Hussain and Mahmud 2019). The trend magnitude was estimated using 223 

Sen (1968) slope estimator (Eq. 3): 224 ߚ  = − ⱼݔ)]݊ܽ݅݀݁݉  − ݆)/(ᵢݔ   ݅)],   1 ≤  ݅ <  ݆ ≤  ݊ (3) 225 

 226 

Precipitation and MI are expressed in mm/year, while temperatures are indicated in 227 

°C/decade. To isolate the long-term variability of precipitation, a five-point Hanning filter (von 228 

Storch 1995) was applied, and the annual precipitation variability index, ݅ߜ =  (𝑃݅ −  229 ߪ/(ߤ 

(Gocic and Trajkovic 2013), was used to classify abnormal years. 230 

 231 

 232 

 233 
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2.2.3  Homogeneity and change-point detection 234 

Three complementary non-parametric tests were applied to detect changes in trends in annual 235 

precipitation and temperature series. The Pettitt test (1979) identifies a unique turning point in year 236 

τ by maximising the absolute value of the sum of the signs of the deviations between the 237 

observations and the mean (i.e. |ܷₜⱼ|  = − ᵢܺ)݊݃ݏ ߑߑ|   ܺⱼ)|). The Buishand test (1982) detects a 238 

trend change through the adjusted partial sums, ܵ ∗ ݇ = − ᵢܺ)ߑ(ߪ/1)   ܺ ), and the SNHT test 239 

(Alexandersson 1986) maximises ܶ₀ = + ²₁ ݖ߬]   (݊ −  in the candidate crops. Using 240 [²₂ ݖ(߬ 

several of these tests is recommended because convergence of the results provides stronger 241 

evidence of a true structural transformation than any individual test (Pettitt 1979; Buishand 1982). 242 

All of these tests were implemented using the pyhomogeneity package (Hussain and Mahmud 243 

2019). 244 

2.2.4  Spatial analysis and covariates 245 

The MK test and the Sen index were applied independently to the annual time series of the 246 

meteorological drought index (MI), the precipitation drought index (SPI) and the precipitation-247 

evapotranspiration drought index (SPEI), for each of the 84 NASA-POWER grid points, as well 248 

as for each CHIRPS pixel. In Sen's slope maps, significant cells (p ≤ 0.05) were retained and 249 

insignificant ones hidden. NASA-POWER values were interpolated using bilinear interpolation 250 

and the means were then calculated using the Gauss methodology (σ = 0.9 grid cell). Spearman's 251 

rank correlation coefficient (ρ_s) was calculated for the following variables at the 84 grid points: 252 

length, latitude, altitude, mean deficit of precipitation (MI), mean potential deficit of precipitation 253 

(PET) and mean deficit of precipitation (P), as well as Sen's slopes (CMI, CSPI and CSPEI), in 254 

order to identify the main spatial factors determining the deficit of precipitation (Gocic and 255 

Trajkovic 2013). All operations were executed in Python 3.12 using NumPy 1.26, SciPy 1.12, 256 

Pandas 2.2, Matplotlib 3.8, pyMannKendall 1.4.3 and pyHomogeneity 1.0.0. 257 

 258 

259 
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3 Results and Discussion 260 

3.1  Precipitation, temperature climatology, and trend analysis 261 

Mean annual precipitation decreases northward: Sokodé (1257 mm) > Kara (1268 mm) > Mango 262 

(1051 mm); (Table 3). The slightly higher rainfall at Kara relative to Sokodé, despite its more 263 

northerly position, reflects orographic enhancement by the Atacora mountain chain (600 m), which 264 

promotes convective uplift during the monsoon season (Djaman 2017). Coefficients of variation 265 

(CV) of 12.5-15.2% indicate that in approximately one year out of five, annual rainfall deviates by 266 

more than 190 mm from the mean, generating recurrent crop stress even outside formal drought 267 

years (Gadedjisso-Tossou et al. 2021). Annual mean temperatures increase northward (Sokodé: 268 

27.2°C, Kara: 28.3°C, Mango: 29.8°C), creating the aridity gradient documented by the MI 269 

(Section 3.3). Lag-1 serial correlations for annual precipitation range from -0.18 to +0.18 (all 270 

within the 95% bounds of ±0.30), validating the application of the standard MK test without pre-271 

whitening. 272 

Table 3 Descriptive statistics of annual precipitation (1981-2025) and Mann-Kendall trend 273 

test results. MK-HR: Hamed-Rao modified test. *** p < 0.001; ns = not significant. 274 

Station Mean 

(mm) 
CV 

(%) 
MK Z MK-

HR Z 
p-value Sen slope Sig. 

Sokodé 1257 12.5 0.53 0.53 0.599 +1.07 mm 

yr⁻¹ 
ns 

Kara 1268 15.2 0.14 0.14 0.887 +0.32 mm 

yr⁻¹ 
ns 

Mango 1051 15.0 0.80 0.80 0.424 +1.19 mm 

yr⁻¹ 
ns 

Sokodé 

(temp.) 
27.2°C  5.43 5.43 <0.001 +0.27°C 

dec⁻¹ 
*** 

Kara 

(temp.) 
28.3°C  4.14 4.14 <0.001 +0.34°C 

dec⁻¹ 
*** 

Mango 

(temp.) 
29.8°C  4.79 4.79 <0.001 +0.28°C 

dec⁻¹ 
*** 

 275 

No significant annual precipitation trends were detected at any station (p > 0.40), which is 276 

consistent with the results of similar monitoring networks in West Africa, such as in Filtered 277 

precipitation series according to Hanning (Fig. 2) show a significant drought phase between 1982 278 

and 1988, followed by a partial recovery from 1993 onwards. This trend is consistent with the 279 
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resumption of rainfall observed in the Sahel, attributed to the modification of the AMO phase and 280 

the decrease in Saharan dust concentration (Biasutti 2019; Rauch et al. 2025). Although the 281 

positive slopes are not significant (ranging from +0.32 to +1.19 mm per year), they are consistent 282 

with the partial Sahelian recovery, but do not differ significantly from zero statistically. This result 283 

is consistent with that of Tefera et al. (2024), who did not identify a significant annual trend in 284 

Sudan and other West African countries such as Ghana and Burkina Faso. However, annual mean 285 

temperatures show a highly significant upward trend in the three regions (see Table 3; p <0.001 286 

for all three regions), with a warming rate ranging from 0.27 to 0.34 °C per decade. These values 287 

exceed the global average (IPCC, 2021) and are consistent with the acceleration of warming in the 288 

Soudano-Sahelian region (Sylla et al. 2013; Yaméogo 2024). Regarding seasonality, significant 289 

positive trends in precipitation were detected in October in Mango (Z = 2.22, p = 0.026) and 290 

Sokodé (Z = 2.02, p = 0.043), which corroborates the strengthening of the Intertropical 291 

Convergence Zone (ITCZ) during its final phase, as reported by Panthou et al. (2018). 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

Fig. 2 Annual precipitation time series at the three synoptic stations.  303 

3.2  Change-point detection in precipitation and temperature 304 

The Petit test revealed no statistically significant variations in precipitation at the measurement 305 

stations (all p-values were greater than 0.05), a result that aligns with the non-significant MK data 306 
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presented in Table 4. The observed alteration in Sokodé (1987/1988, K = 140) coincided with the 307 

end of the Sahelian drought phase (132.3 mm, +11.5%), but this was not statistically confirmed. 308 

Recent transition phases observed in Karakol (CP = 2012/13) and Mango (CP = 2016/17) suggest 309 

potential variation in northern stations, which is consistent with the trend of Sahelian reactivation 310 

expanding from north to south (Lebel and Ali 2009; Rauch et al. 2025). However, additional data 311 

are needed to confirm this trend. Conversely, the Pettit test revealed consistent and statistically 312 

significant alterations (p <0.001) throughout the year. Between 2001 and 2002, Sokodé registered 313 

an increase of 0.594 °C (2.23%), Kara an increase of 0.852 °C (3.13%), and Mango an increase of 314 

0.653 °C (2.27%) (Table 4). The Buishand and SNHT tests confirm these variations. From a 315 

physical standpoint, the sudden heatwaves of 2001 and 2003 corresponded to the Atlantic 316 

Multidecadal Oscillation (AMO) transitioning to a positive phase. This event caused an increase 317 

in the intensity of warming in the Sahel and altered the major atmospheric currents (Biasutti 2019; 318 

Sylla et al. 2013), occurring after the La Niña cooling episode between 1998 and 2001 (IPCC 319 

2021). Between 1998 and 2001, the La Niña phenomenon cooled the region (IPCC, 2021), which 320 

explains the differences between the SPI and SPEI indices in Fig. 3. 321 

Table 4 Pettitt change-point test results for annual precipitation and mean temperature at 322 

the three synoptic stations of Northern Togo (1981-2025). 323 

Station Variable CP year K p-value Sig

. 
μ₁ μ₂ Δ 

Sokodé Precip. (mm yr⁻¹) 1987/1988 140 0.566 n.s. 1145.4 1277.7 +132.3 (+11.5%) 

Kara Precip. (mm yr⁻¹) 2012/2013 106 0.970 n.s. 1296.7 1198.0 −98.7 (−7.6%) 
Mango Precip. (mm yr⁻¹) 2016/2017 110 0.917 n.s. 1036.0 1111.0 +74.9 (+7.2%) 

Sokodé Temp. (°C) 2001/2002 400 <0.001 **

* 
26.695 27.289 +0.594 (+2.23%) 

Kara Temp. (°C) 2002/2003 436 <0.001 **

* 
27.202 28.054 +0.852 (+3.13%) 

Mango Temp. (°C) 2002/2003 392 <0.001 **

* 
28.792 29.445 +0.653 (+2.27%) 

n.s.: not significant (p > 0.05). ***: p < 0.001. μ₁: mean before CP; μ₂: mean after CP. 324 
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 325 

Fig. 3 Change-point analysis of annual precipitation (a) and annual mean temperature (b) at the 326 

three synoptic stations of Northern Togo (1981-2025). Vertical dotted line (a): most probable but 327 

non-significant Pettitt CP. Vertical dashed line (b): statistically significant Pettitt CP (p < 0.001). 328 

Red dashed: mean before CP (μ₁); blue dashed: mean after CP (μ₂).  329 

3.3  Drought characterisation: SPI, SPEI, and temperature-driven intensification 330 

All three stations recorded periods of drought (Table 5). The most intense phenomenon observed 331 

in Mango occurred in 2025 (SPI = -2.16, classifying it as extreme drought), while the most intense 332 

phenomenon observed in Sokodé occurred in 1982 (SPI = -2.02, also classifying it as extreme 333 

drought). In contrast, 2025 in Kara was characterised by significant drought (SPI = -1.94), which 334 

is not yet classified as extreme. The persistence of extreme drought until 2025, despite 335 
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precipitation resuming after 1990, indicates that the risk of drought in northern Togo has not 336 

decreased. The SPI trend for the three locations is positive but not significant (Z = 0.42-0.87, p > 337 

0.38), a result consistent with the findings of  Ababio et al. (2024) and Ogunrinde et al. (2024). 338 

However, the absence of a significant SPI trend does not necessarily imply a reduction in risk. In 339 

the context of global climate change, the actual risk of drought, as measured by the SPEI index, 340 

can increase even in the absence of a trend in precipitation (Vicente-Serrano et al. 2010). Since 341 

2003, the stations have recorded SPEI values lower than SPI values (figures 4 and 5). This situation 342 

is directly related to the increase in temperatures observed since 2002 (Section 3.2), which has 343 

increased the potential evapotranspiration (PET) and caused a water deficit. Tefera et al. (2024) 344 

confirmed this discrepancy between the SPI and SPEI indices in a region similar to Ghana and 345 

Burkina Faso. To confirm this statistical difference, a Mann-Whitney U test adapted for comparing 346 

two independent sub-periods of unequal lengths was used for the annual SPI-SPEI values in each 347 

station (Table 6). This test was applied to the period before 2003 (1981-2002, n = 22) and the 348 

period after 2003 (2003-2025, n = 23). The median difference (SPI-SPEI) shifted from negative to 349 

positive at all three sites: Sokodé (from -0.07 to +0.11), Kara (from -0.03 to +0.11) and Mango 350 

(from -0.12 to +0.11). This change was statistically significant in Sokodé (U = 158, p = 0.032), 351 

but not in Kara (U = 179, p = 0.095) or Mango (U = 196, p = 0.199). These results suggest that the 352 

divergence between the SPI and SPEI in Sokodé after 2003 is statistically significant. In Kara and 353 

Mango, the same trend is observed, but remains within the limits of natural interannual variability. 354 

Table 5 Drought characteristics at the annual SPI-12 scale (1981-2025). Classes: McKee et 355 

al. (1993). 356 

Station Min 

SPI 
Year Moderate 

(−1.5<SPI≤−1.0) 
Very dry 

(−2.0<SPI≤−1.5) 
Severe 

(SPI≤−2.0) 
Total 

Sokodé −2.02 1982 4 3 1 8 

Kara −1.94 2025 7 1 0 8 

Mango −2.16 2025 3 0 2 5 

 357 

 358 

 359 
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Table 6 Mann-Whitney U test comparing the distribution of annual (SPI - SPEI) differences 360 

between the pre-2003 (1981-2002) and post-2003 (2003-2025) sub-periods at each station. 361 

Bold p-value indicates significance at α = 0.05. 362 

Station n (pré / post-2003) Médiane (SPI-SPEI) 

pré-2003 
Médiane (SPI-SPEI) 

post-2003 
Mann-Whitney U p 

Sokodé 22 / 23 −0.07 +0.11 158 0.032 

Kara 22 / 23 −0.03 +0.11 179 0.095 

Mango 22 / 23 −0.12 +0.11 196 0.199 

 363 

 364 

 365 

Fig. 4 Annual SPI-12 time series and 5-year centred moving average (red line) at the three agro-366 

ecological zones of Northern Togo (1981-2025). TGS: Tall Grass Savanna (Sokodé); SGS: Short 367 

Grass Savanna (Kara); MS: Marginal Savanna (Mango).  368 
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 369 

Fig. 5 Annual SPEI-12 time series and 5-year centred moving average at the three agro-ecological 370 

zones of Northern Togo (1981-2025). TGS: Tall Grass Savanna (Sokodé); SGS: Short Grass 371 

Savanna (Kara); MS: Marginal Savanna (Mango).  372 

3.4  Moisture deficit: spatial pattern and sub-period warming dynamics 373 

Throughout the study period, all cells in the NASA-POWER grid and the three stations recorded 374 

exclusively negative MI values, confirming a permanent water deficit in the entire area (Fig. 6 and 375 

7, as well as tables 6 and 7). Values of the Normalised Difference Vegetation Index (NDVI) varied 376 

between -20 in the southern central plains and -60 in the northern savannahs, reflecting the aridity 377 

gradient from north to south. This trend was confirmed by Spearman's correlation coefficients. 378 

Latitude (ρs = -0.850 with MI, p <0.01) and mean temperature of evapotranspiration (PET) (ρs = 379 
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-0.903, p <0.01) were the most significant spatial factors, while precipitation played a less 380 

significant, though still relevant, role (ρs = +0.757, p <0.01). Values of MI below -20 (the limit of 381 

the semi-arid zone) were recorded in all seasons and years, indicating that subsistence agriculture 382 

remains below the water security threshold. Notably, the maximum vegetation index value (MI = 383 

-2.9) in Kara indicates that savanna with limited herbaceous coverage can reach hydric equilibrium 384 

in the event of exceptionally abundant monsoon rains. This situation is consistent with the 385 

influence of the Atacora mountain chain. Interannual variability of the CMI is greater in Kara 386 

(30.0%) than in Mango (17.0%), reflecting greater variability in the hydrological regime in the 387 

central area where there is a transition between subhumid and semi-arid zones. In Mango, the 388 

hydrological regime remains arid regardless of annual variations in precipitation. The curves of 389 

the CMI, CSPI and CSPEI values demonstrate a strong correlation (r = 0.94-0.99, p < 0.01), 390 

confirming that the three indices respond to the same large-scale hydrological dynamics 391 

Table 7 Moisture Index (MI) statistics by agro-ecological zone (1981-2025) and key 392 

Spearman rank correlations among spatial variables (84 NASA POWER grid points, 1981-393 

2024). ** p ≤ 0.01. 394 

Zone / 

Variable 
Station Mean 

MI 
CV 

(%) 
Spearman ρs 
with MI 

p-value 

Tall Grass 

Savanna 
Sokodé −32.1 28.1 — — 

Short Grass 

Savanna 
Kara −34.2 30.0 — — 

Marginal 

Savanna 
Mango −47.2 17.0 — — 

Latitude — — — −0.865 <0.01** 

Mean PET — — — −0.929 <0.01** 

Mean P — — — +0.757 <0.01** 

 395 

 396 
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 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

Fig. 6 Spatial distribution of mean annual Moisture Index (MI, %) over Northern Togo (NASA 410 

POWER reanalysis, 1981-2024, 0.5° grid). Grey shading: neighbouring countries. Triangular 411 

markers: synoptic stations. All grid cells record negative MI, confirming a permanent water-deficit 412 

regime. The south-to-north aridity gradient is driven by latitude (ρs = -0.850, p < 0.01) and mean 413 

PET (ρs = -0.903, p < 0.01). 414 

The analysis by subperiod (Table 8) reveals a spatially heterogeneous warming pattern. 415 

During the 12-year drought recovery period (1981-1992), Sokodé experienced a significant 416 

increase in precipitation (+31.50 mm per year, p = 0.047). No other significant precipitation trends 417 

were observed, confirming the stalling of the recovery after 1992. In terms of temperature, Kara 418 

experienced a concentrated increase beginning in 2002 (0.333 °C per decade, p = 0.003), which 419 

confirms the abrupt variation in Pettitt's test. Mango showed a significant temperature increase 420 

before 2002 (+0.308 °C per decade, p = 0.011), suggesting that the transition to higher 421 

temperatures at this northernmost station began earlier. Sokodé showed a continuous increase in 422 

temperature in both periods (+0.186 and +0.216 °C per decade, Figure 7). Despite the 423 
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heterogeneity among the stations, the constant trend of increasing temperature in all of them in all 424 

periods explains the progressive divergence between the SPI and SPEI indices after 425 

2003(Bodjrènou et al. 2025; Tefera et al. 2024). 426 

Table 8 Sub-period Mann-Kendall trend analysis for annual precipitation and mean 427 

temperature at Northern Togo stations. 428 

Station Variable Period n 
Sen’s 
slope 

p-value Sig. 

Precipitation (mm yr⁻¹) 

Sokodé 
Precip. (mm 
yr⁻¹) 

1981–1992 12 +31.50 0.047 * 

 
Precip. (mm 
yr⁻¹) 

1993–2025 33 −3.01 0.221 ns 

Kara 
Precip. (mm 
yr⁻¹) 

1981–1992 12 +29.53 0.115 ns 

 
Precip. (mm 
yr⁻¹) 

1993–2025 33 −5.64 0.141 ns 

Mango 
Precip. (mm 
yr⁻¹) 

1981–1992 12 −12.84 0.451 ns 

 
Precip. (mm 
yr⁻¹) 

1993–2025 33 +1.16 0.609 ns 

Temperature (°C dec⁻¹) 

Sokodé 
Temp. (°C 
dec⁻¹) 

1981–2002 22 +0.186 0.032 * 

 
Temp. (°C 
dec⁻¹) 

2003–2025 23 +0.216 0.057 ns 

Kara 
Temp. (°C 
dec⁻¹) 

1981–2002 22 +0.009 0.955 ns 

 
Temp. (°C 
dec⁻¹) 

2003–2025 23 +0.333 0.003 ** 

Mango 
Temp. (°C 
dec⁻¹) 

1981–2002 22 +0.308 0.011 * 

 
Temp. (°C 
dec⁻¹) 

2003–2025 23 +0.109 0.355 ns 

Precipitation split year: 1992 (exploratory; most probable Pettitt CP, p = 0.566, not significant). Temperature split 429 
year: 2002 (statistically significant Pettitt CP, p < 0.001 at all stations). Significance levels: *** p ≤ 0.001; ** p ≤ 430 
0.01; * p ≤ 0.05; ns = not significant (p > 0.05). Values of p between 0.05 and 0.10 are reported as ns with the exact 431 
p-value given. 432 
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 433 

Fig. 7 Sub-period trend analysis for annual mean temperature at Northern Togo stations (1981-434 

2025). Temperature split year: 2002 (Pettitt CP, p < 0.001). Orange shaded: pre-warming phase 435 

1981-2002 (n = 22); blue shaded: post-warming phase 2003-2025 (n = 23). Dashed lines: Sen’s 436 

slope for each sub-period. Significance: ** p ≤ 0.01; * p ≤ 0.05; (+) p ≤ 0.10; ns = not 437 

significant. 438 

 439 

 440 

 441 
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3.5  Spatial trends in MI, SPI, and SPEI and satellite-based validation 442 

Although the study area has experienced a permanent water deficit throughout the study 443 

period (MI <0 in all cases and locations), positive trends in the MI, SPI and SPEI suggest that this 444 

deficit has gradually decreased over time, primarily due to increased precipitation in the Sahel 445 

since 1990. These two aspects are not contradictory; a region can have a structural water deficit 446 

while also experiencing improved vegetation conditions. 447 

The spatial distributions of MK Z statistics and Sen slopes for MI, SPI and, SPEI (Fig. 8) 448 

reveal a significantly positive humidification trend concentrated in the Kara region and the 449 

southern part of the Central Region. This is consistent with the Sahel's recovery since 1990 (Lebel 450 

and Ali 2009; Rauch et al. 2025) and the positive SPEI trends identified across the Sudanese zone 451 

by Ogunrinde et al. (2024). Significant negative trends are observed in less than 8% of grid cells 452 

for all indices and significance levels.  These trends are concentrated in the northeast (Savannah 453 

region), which is consistent with convergence towards Saharan conditions. The strong correlation 454 

between the CMI, CSPI and CSPEI trends slopes (ρs = 0.94-0.99, p < 0.01; Table 7) confirms that 455 

the three indices consistently respond to the same large-scale dynamics.  456 

A pixel-by-pixel analysis of CHIRPS v2.0 (Fig. 9) confirms these results. The annual 457 

average rainfall in the region shows positive trends in all three zones: Savanes: +3.17 mm per year 458 

(p = 0.010); Kara: +2.69 mm per year (p = 0.047); and Centrale: +2.81 mm per year, p = 0.126). 459 

Around 50% of CHIRPS pixels show statistically significant positive trends (p ≤ 0.05). The 460 

positive cumulative trend in the Savanes region (+139 mm over 44 years) equates to approximately 461 

13% of the region's annual average precipitation (1,051 mm per year), which is equivalent to an 462 

extra month's worth of water available for crop growth during this period. However, this modest 463 

improvement has not yet resulted in a statistically significant change in precipitation. Local 464 

negative trends in the Sen slopes series in a small number of pixels in the southern part of the 465 

central zone should be interpreted with caution pending confirmation by denser surface 466 

observations. 467 

 468 
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 469 

Fig. 8 Spatial distribution of Mann–Kendall trend statistics for annual moisture indices over 470 

Northern Togo (1981-2024). (a-c) Z-statistic for MI, SPI, and SPEI, respectively; solid contour: 471 

|Z| = 1.96 (p = 0.05). (d-f) Sen's slope at grid cells is significant at p ≤ 0.05; grey = non-significant; 472 

blue = wetting trend; red = drying trend. Data: NASA POWER reanalysis (0.5° grid). PET: 473 

Hargreaves-Samani (1985); MI: Willmott and Feddema (1992); SPI: McKee et al. (1993); SPEI: 474 

Vicente-Serrano et al. (2010). 475 
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 476 

Fig. 9 CHIRPS v2.0 precipitation trend analysis for Northern Togo (1981-2024, 0.05° resolution). 477 

(a) Regional mean annual precipitation for the three agro-ecological zones with Sen’s slope 478 

annotated; significance: * p ≤ 0.05, ** p ≤ 0.01; shaded band: Sahelian drought phase (1981-1992). 479 

(b) Pixel-wise Sen’s slope (mm yr⁻¹); black dots: significant pixels (p ≤ 0.05); blue = increasing, 480 

red = decreasing precipitation. 481 

3.6  Agricultural and domestic water supply implications 482 

The period from July to September (JAS) accounts for 55 to 65 per cent of annual precipitation 483 

and coincides with the main growth period for crops such as sorghum, corn and millet. As can be 484 

seen in Figure 10, the JAS SPI-3 and SPEI-3 time series show that SPEI-3 values have been 485 

systematically lower than SPI-3 values since 2000. This is attributed to an increase in temperature 486 

of between 0.27 and 0.34 °C per decade since 2002. A year with average precipitation (SPI-3 ≈ 0) 487 

can be considered moderately arid (SPEI-3 ≤ -1.0) due to high evapotranspiration rates. This 488 

differentiation is not evident in a monitoring system based exclusively on precipitation, but it is 489 

fundamental for managing the harvest calendar. Gadedjisso-Tossou et al. (2021) conducted a 490 
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multiple regression analysis using historical climate and crop productivity data from stations in 491 

northern Togo (Kara, Mango, Niamtougou, and Dapaong). They demonstrated that increased 492 

maximum temperatures significantly reduce the productivity of corn, sorghum and millet due to 493 

their effect on evapotranspiration. Based on this documented sensitivity, SPI-3 values below -1.5 494 

in Mango and Kara in 2025 are consistent with water deficits during the growth period. This results 495 

in yield losses of over 25-35% in cereals planted in humid areas (Gadedjisso-Tossou et al. 2021; 496 

Sultan et al. 2013). Severe droughts during the rainy season (JAS) in 2024-2025 are consistent 497 

with food security assessments by FEWS NET and the FAO in northern Togo during the 2024-498 

2025 harvest period, thus validating local drought indices. 499 

 500 

The progressive divergence between the SPI and SPEI indices since 2003 indicates a decrease in 501 

aquifer recharge efficiency, even during periods of average precipitation. This increases the 502 

structural vulnerability of the savannah's water system. 503 

Therefore, investments in the artificial recharge of aquifers, rainwater harvesting and community 504 

groundwater monitoring are urgent. 505 

 506 

In terms of drinking water supply, northern Togo relies primarily on shallow wells (less 507 

than 15 metres deep) and small seasonal rivers, particularly in the Mango, Dapaong and Cinkassé 508 

regions. In the semi-arid regions of West Africa, shallow and unconfined aquifers are recharged 509 

episodically, mainly by intense seasonal rainfall. Long droughts can cause aquifer levels to drop, 510 

with the effects lasting for years (Taylor et al. 2013). MacDonald et al. (2021) estimated that semi-511 

arid regions in Africa experience an annual recharge rate of around 60 mm (ranging from 30 to 512 

140 mm), equivalent to 5-6% of the annual precipitation In northern Togo, where the annual 513 

precipitation average is 1,050-1,270 mm, this equates to an annual aquifer recharge of 53-76 mm 514 

under current conditions. However, this amount is highly sensitive to interannual variability in 515 

precipitation and is at risk of being compromised by the increase in temperatures observed since 516 

2002. This increase in temperatures increases evapotranspiration and reduces the amount of 517 

precipitation available for aquifer recharge (Granata and Di Nunno 2025). The progressive 518 

divergence in values between the SPI and SPEI indices since 2003 indicates a decrease in effective 519 

groundwater recharge, even during years of moderate precipitation. This is because growing 520 

evapotranspiration retains more rainwater, preventing it from infiltrating shallow aquifers. This 521 
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mechanism exacerbates the region's structural vulnerability to water supply issues, which became 522 

dramatically apparent during the 2025 hydrological year. The Kozah dam, which is the main 523 

source of water for the Kozah, Doufelgou and Binah provinces in the Kara region, reached a 524 

historically low level by the end of the 2025 rainy season. The water level dropped from 16 metres 525 

in 2024 to less than 8 metres in October 2025, reaching 5.3 metres in December of the same year 526 

(Ministry of Environment of Togo, 2025). This 50% decrease reduced daily drinking water 527 

production by around 40%, from 11,000 m³ to 4,500 m³ per day. This was well below the estimated 528 

daily demand of 20,000 m³ for the Kara urban region. The crisis worsened due to evaporation 529 

caused by high temperatures and absorption by alternative water sources. This prompted the 530 

Togolese government to take emergency measures, including rehabilitating 50 existing wells and 531 

constructing 14 new ones, as well as enacting national parliamentary intervention on 31 December 532 

2025 (Togolese National Assembly, 2025). Therefore, urgent investment is needed in the artificial 533 

recharge of aquifers, rainwater harvesting and community monitoring of groundwater to reduce 534 

the Kara region's structural dependence on a single surface infrastructure that is becoming 535 

increasingly vulnerable to climate change. 536 
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 537 

 538 

Fig. 10 July-August-September (JAS) agricultural growing-season drought indices for Northern 539 

Togo (1981-2025). Bars: SPI-3 (blue = wet, red = dry); line: SPEI-3 (orange). Dashed lines: 540 

moderate (-1.0) and severe (-1.5) drought thresholds. Shaded band: Sahelian drought phase (1981-541 

1992). Note the systematic SPEI-3 downward shift relative to SPI-3 post-2000, driven by 542 

warming-amplified evapotranspiration demand.  543 

 544 

 545 

 546 

 547 

 548 

 549 
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4 Conclusions 550 

 551 

This study analyses annual, seasonal and monthly trends in precipitation, drought 552 

characteristics and water deficits in northern Togo's three agroecological zones from 1981 to 2025. 553 

No significant precipitation trends were detected at any station (p > 0.40 for all), as confirmed by 554 

the Hamed-Rao and standard Mann-Kendall tests. The most severe drought episodes were 555 

recorded in Sokodé in 1982 (Standardized Precipitation Index, SPI = -2.02), at Mango in 2025 556 

(SPI = -2.16) and at Kara in 2025 (SPI = -1.94), consistent with FEWS NET and FAO food security 557 

assessments for the 2024-2025 lean season in northern Togo. 558 

Throughout the entire study period, all NASA-POWER grid cells and the three synoptic 559 

stations recorded exclusively negative Moisture Index (MI) values, confirming a permanent water-560 

deficit across the entire region (Fig. 6 and 7, and Tables 6 and 7). MI values varied between -20 in 561 

the southern central plains to -60 in the northeastern Savanes region, reflecting the aridity gradient 562 

from north to south confirmed by Spearman rank correlations. The dominant spatial controls on 563 

moisture availability were geographic latitude (ρs = -0.865, p < 0.01) and potential 564 

evapotranspiration (PET) (ρs = -0.929, p < 0.01), while precipitation played a secondary but 565 

significant role (ρs = +0.757, p < 0.01). MI values below -20, the semi-arid threshold, were 566 

recorded across all years and stations, indicating that subsistence agriculture operates permanently 567 

below the hydric safety limit. The maximum MI value recorded in Kara (-2.9) indicates that the 568 

Short Grass Savanna zone can approach hydric equilibrium during exceptionally abundant 569 

monsoon years, consistent with the orographic influence of the Atacora mountain chain.  570 

This study has revealed that the hydrological dynamics in northern Togo are more complex 571 

than previously characterised. While precipitation has remained without a significant trend, the 572 

water balance deficit has widened substantially since 2003 due to warming-driven 573 

evapotranspiration demand, intensifying agricultural drought risk in a manner invisible to 574 

precipitation-only monitoring systems. Given the documented sensitivity of cereal crops to 575 

growing-season water deficits, SPI-3 values below -1.5 at Mango and Kara in 2025 are consistent 576 

with rain-fed cereal yield losses exceeding 25-35%, directly threatening SDG 2 (Zero Hunger; 577 

specifically Target 2.4 on sustainable food production systems and climate-resilient agricultural 578 

practices). 579 
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 Reduced surface water and groundwater recharge further endangers the region's domestic 580 

water supply, with consequences extending well beyond the agricultural sector. The Kozah 581 

reservoir, the primary source of drinking water for the Kozah, Doufelgou and Binah prefectures in 582 

the Kara region since its operation began in 1979, reached a historically unprecedent low level at 583 

the end of the 2025 rainy season, falling from 16 m in 2024 to 5.30 m by December 2025. This 584 

50% decline reduced daily drinking water production by 40%, necessitating emergency 585 

governmental intervention that was approved by parliament on 31 December 2025. This crisis is 586 

directly consistent with the abrupt temperature step-change documented around 2001-2003 in this 587 

study: rising evapotranspiration demand at Kara (+0.34 °C per decade, p <0.001) reduces the 588 

fraction of seasonal rainfall available for surface water storage and aquifer recharge, amplifying 589 

drought impacts beyond what precipitation levels suggest. This threatens the achievement of SDG 590 

6 (clean water and sanitation; Target 6.4 on water-use efficiency and freshwater availability). The 591 

pace of warming since 2002 further underscores the urgent need for local adaptation measures 592 

consistent with SDG 13 (climate action; Target 13.1 on resilience and adaptive capacity to climate 593 

hazards). It is therefore recommended that agricultural extension services promote drought-594 

tolerant and early-maturing crop varieties, and advise farmers to adjust planting calendars to 595 

account for the increasing concentration of rainfall in the late growing season. Investment should 596 

be directed toward supplemental irrigation infrastructure, managed aquifer recharge, 597 

diversification of water sources beyond single surface reservoirs, and community-scale 598 

groundwater monitoring in the Kara, Mango and Dapaong sub-regions.  599 

In the context of the 2030 Agenda, the development of an integrated drought early-warning 600 

system calibrated to the three agro-ecological zones of northern Togo represents a critical step 601 

toward climate-resilient development. During the July-September growing season, the system 602 

should monitor SPEI-3 values and trigger alerts when they fall below -1.0 (the moderate drought 603 

threshold). Operational management should be led by the Direction Générale de la Météorologie 604 

Nationale du Togo (DGMN) in collaboration with national agricultural advisory services. Future 605 

research should focus on hydrological drought propagation analysis, integration of CMIP6 606 

downscaled projections, and development of a spatially distributed drought monitoring system for 607 

the region. 608 

 609 
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