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Abstract
The municipality of Za-Kpota, located in southern Benin, is highly vulnerable to climate variability due to its strong dependence on rain-fed agriculture, which constitutes the main source of livelihood for local populations. This study aims to analyze the spatio-temporal variability of key climatic parameters in this municipality over the period 1993–2022. This study presents a retrospective analysis of long-term climatic data (1993–2022) obtained from the Bohicon synoptic station. The methodological approach is based on the analysis of long-term climatic time series, particularly rainfall and temperature data. Statistical analyses, including trend detection methods and the computation of climatic indices, were applied to characterize the temporal evolution and variability of the studied parameters. The results reveal a bimodal rainfall regime, characterized by two rainy seasons with a cumulative duration of approximately six months. Mean monthly temperatures range from 25.8 °C in August to 29.5 °C in March, with the highest temperatures recorded between February and April. This period is associated with increased evaporation and evapotranspiration, potentially reducing water availability in the study area. In addition, the climatic water balance indicates an overall annual deficit of −171.3 mm, despite significant surpluses observed between May and June (+279.8 mm), and secondary positive balances during September and October. These findings highlight the pronounced variability of climatic conditions in Za-Kpota and their potential impacts on water resources and agricultural systems. The study provides a robust scientific basis for the development of locally adapted climate change strategies and emphasizes the need to integrate climate information into territorial planning and sustainable agricultural development policies.
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1. [bookmark: _Hlk225861886]Introduction
The evolution of climatic conditions, characterized by interannual and spatial variability in precipitation and temperature, represents one of the major environmental and socio-economic challenges at the global scale. These climatic fluctuations particularly affect rural areas in West Africa, where populations are highly dependent on natural resources and agricultural activities for their livelihoods. In this context, understanding the spatio-temporal variability of climatic parameters is essential for assessing the impacts of climate change at the local scale and for guiding adaptation strategies for vulnerable populations.
Precipitation and temperature are the main determinants of climate and exert a strong influence on ecological, hydrological, and agricultural systems. Changes in these climatic parameters disrupt economic activities, particularly agropastoral systems, and hinder the achievement of the Sustainable Development Goals (SDGs), despite development efforts undertaken by governments (Oyede et al., 2022). Since the drought episodes of the 1970s and 1980s in West Africa, rainfall variability has been characterized by the recurrence of extreme climatic events, including prolonged dry spells, recurrent flooding, delayed onset, and early cessation of rainy seasons (Tabou et al., 2021).
In the context of these climatic changes, developing countries appear particularly vulnerable to environmental disturbances. Since the major Sahelian drought of the 1970s, numerous international and national research programs have been implemented to better understand the mechanisms of climate variability and its impacts on socio-ecological systems (Sarr, 2009). In regions characterized by two cropping seasons, this variability is reflected in increasing uncertainty regarding the second growing season, which is often disrupted by early rainfall cessation or, conversely, by intense rainfall events leading to destructive flooding of crops (Yabi et al., 2013).
In Benin, climate instability is also reflected in significant fluctuations in precipitation and temperature observed over several decades, resulting in marked regional climate variability that directly affects agricultural activities and natural resource management (Oyede et al., 2022). Furthermore, studies conducted in other parts of sub-Saharan Africa have shown that spatio-temporal analysis of climatic parameters, particularly rainfall and temperature anomalies, makes it possible to identify climate trends as well as areas highly exposed to climatic stress (Awode et al., 2025). These analytical approaches therefore constitute essential tools for supporting adaptation strategies and informing territorial planning policies.
However, despite several studies conducted in southern Benin and neighboring regions, there is still a lack of detailed local-scale climate analyses specifically focused on Za-Kpota. In particular, limited information exists on the long-term spatio-temporal variability of key climatic parameters and their combined implications for local agricultural systems. This study therefore aims to fill this gap by providing a detailed assessment of climate variability in Za-Kpota using a 30-year dataset.
In this context, the present study analyzes the spatio-temporal variability of climatic parameters in the municipality of Za-Kpota, located in southern Benin, over the period 1993–2022. 
The main objective of this study is to analyze the spatio-temporal variability of key climatic parameters in the municipality of Za-Kpota over the period 1993–2022. Specifically, the study aims to: (i) assess the temporal variability and trends of rainfall and temperature; (ii) evaluate the climatic water balance and identify periods of water deficit and surplus; (iii) characterize the occurrence of extreme climatic events using standardized indices; (iv) examine the potential implications of climate variability for agricultural systems in the study area.
2. Materials and Methods
2.1. Description of the Study Area
The municipality of Za-Kpota is located in the Zou Department, in the south-central part of the Republic of Benin. It lies between 07°07′50″ and 07°20′36″ North latitude and 02°05′04″ and 02°18′43″ East longitude. The municipality covers an area of approximately 600 km² and is bordered to the northwest by the municipality of Djidja, to the southwest by Bohicon, to the east by Cove, and to the southeast by Zogbodomey (Figure 1).
Administratively, Za-Kpota is divided into eight districts: Allahé, Assalin, Houngomey, Kpakpamè, Kpozoun, Za-Tanta, Zèko, and Za-Kpota (INSAE, 2016). These districts comprise a total of 56 villages and urban neighborhoods (Municipality of Za-Kpota, 2012). According to data from the National Institute of Statistics and Economic Analysis, the population of the municipality is estimated at 132,818 inhabitants, corresponding to an average population density of approximately 324.7 inhabitants/km² (INSAE, 2016). This relatively high population density constitutes an important asset in terms of agricultural labor availability, which represents the main economic activity of local populations.
From a climatic perspective, the municipality of Za-Kpota falls within the subequatorial climatic zone, which is characteristic of central and southern Benin. This climatic regime is defined by the alternation of two rainy seasons and two dry seasons. The major rainy season generally extends from mid-March to July, while the minor rainy season occurs between September and November (Municipality of Za-Kpota, 2012). These two rainy seasons are separated by a short dry period that typically spans the second half of July and the month of August. The major dry season extends from mid-November to March.
In terms of rainfall, the municipality records an average annual precipitation of approximately 1350.82 mm. However, observations over recent decades indicate significant interannual variability, reflecting climatic fluctuations that may influence agricultural activities and natural resource management in the area.
Regarding temperature, average values generally range between 24 °C and 34 °C throughout the year. The highest temperatures are typically recorded in March, whereas August corresponds to the coolest period of the year.
Thus, the geographical location and climatic characteristics of the municipality of Za-Kpota make it a particularly relevant area for analyzing the spatio-temporal variability of climatic parameters and their implications for local socio-economic systems, especially agricultural activities that are highly dependent on climatic conditions.
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Fig 1. Geographic location of the municipality of Za-Kpota


2.2. Methodology
2.2.1. Data Collection
The analysis of the spatio-temporal variability of climatic parameters in the municipality of Za-Kpota is based on precipitation and temperature data obtained from the Bohicon synoptic station (Meteo-Benin). The use of data from this single station is justified by its proximity to the study area and the availability of long-term, continuous, and reliable climatic records. However, this approach may limit the spatial representativeness of the results, which are therefore interpreted at a local scale. 
The study period was defined based on the availability and completeness of climatic data from the Bohicon station, covering the period 1993–2022. This period ensures a sufficiently long time series for robust climate variability and trend analysis in accordance with World Meteorological Organization (WMO) recommendations. These data were used to assess the variability of rainfall and temperature in the study area.

2.2.2. Data Analysis
Climatic data were analyzed using statistical methods and standardized climate indices to characterize spatio-temporal variability.
a) Arithmetic Mean
The arithmetic mean was used to compute the average value of climatic variables over the study period:
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Where:
· (xi) represents the value of the climatic parameter for year (i)
· (n) is the total number of years in the time series

b) Climatic Water Balance
The climatic water balance was used to assess hydrological conditions and vegetation growth periods in the study area (Atidegla et al., 2017). It is defined as :
𝐵𝑃 = 𝑃 − 𝐸𝑇
Where:
· (P) = precipitation
· (ETP) = potential evapotranspiration
Potential evapotranspiration (ETP) was estimated using the FAO-56 Penman–Monteith method, implemented in the R statistical environment. This method is based on standard meteorological variables, including temperature, solar radiation, humidity, and wind speed, ensuring a robust estimation of atmospheric evaporative demand.
The interpretation is as follows:
· (P - ETP < 0): water deficit
· (P - ETP = 0) : equilibrium
· (P - ETP > 0): water surplus

c) Rainfall Sequence Analysis (SPI)
Interannual rainfall variability was analyzed using the Standardized Precipitation Index (SPI) (McKee et al., 1993), computed as :
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Where:
· (SPi) = the standardized precipitation index for year (i)
· (𝑥𝑖𝑗) = the annual rainfall total
· (𝜘𝑖) = the mean annual rainfall at the station (i)
· (𝜎𝑖) = the standard deviation

Classification :
· Normal year : ( −0.1 ≤ SPI ≤ 0.1)
· Wet year : (SPI > 0.1)
· Dry year : (SPI < - 0.1)

d) Onset and Cessation of the Rainy Season
[bookmark: _Hlk226430872]The onset and cessation of the rainy season were determined using the method of Liebmann (2006), as adapted by Ramiharijafy et al. (2017), based on anomalous cumulative rainfall. 
The onset of the rainy season is defined as the date when cumulative rainfall anomaly becomes persistently positive after a dry period, while cessation corresponds to the return to a negative cumulative anomaly.
e) Climate Extremes
Extreme climate indices were computed following ETCCDI (Expert Team on Climate Change Detection and Indices) recommendations using RClimDex and ClimPACT2 software (Zhang et al., 2005) in the R statistical environment.
Indices include :

· Rx1day: Maximum daily precipitation 𝑅𝑥1𝑑𝑎𝑦 = 𝑚𝑎𝑥 (𝑃𝑖)
where (Pᵢ) represents the precipitation on day (i).
· R10 mm: Number of days with precipitation ≥ 10 mm 
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where (I=1) if (Pi > 10 mm), otherwise (I = 0)
· TXx: Annual maximum temperature. 𝑇𝑋𝑥 = 𝑚𝑎𝑥 (𝑇𝑚𝑎𝑥).
f) Breakpoints Detection 
Trend stationarity was assessed using:
· Pettitt test (1979)
· Buishand test (1984)
· Hubert segmentation (1998)
Statistical significance was evaluated at the 5 % significance level (p < 0.05).

g) Drought Analysis (SPI)
Drought conditions were assessed using SPI (McKee et al., 1993; Hayes, 1996):
It is calculated as:
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Where:
· (pi) is observed precipitation
· (pm) is mean precipitation
· (б) is the standard deviation
Table 1 présent the Classification of drought conditions based on Standardized Precipitation Index (SPI)
Table 1. SPI Classification (McKee et al., 1993 ; Hayes, 1996)
	Value
	Classification

	≥ 2.0
	Extremely wet

	1.5 to 1.99
	Very wet

	1.0 to 1.49
	Moderately wet

	-0.99 to 0.99
	Near normal

	-1.0 to -1.49
	Moderately dry

	-1.5 to -1.99
	Severely dry

	≤ -2.0
	Extremely dry


(Source: Extract to Mckee et al., 1993 and Hayes, 1996)

3. Results and Discussion
3.1. Extreme Climatic Phenomena in the Municipality of Za-Kpota
Extreme climatic phenomena constitute one of the major manifestations of climate variability observed across many regions of West Africa. They are reflected in significant fluctuations in key climatic parameters such as precipitation, temperature, relative humidity, and wind speed, whose variations strongly influence environmental, agricultural, and public health systems.
In Benin, particularly in the municipality of Za-Kpota, these climatic variations can significantly affect agricultural production conditions, especially rice cultivation, as well as the health and well-being of local populations. The analysis of extreme climatic phenomena in the study area is based on several climatic indicators, including rainfall variability, annual rainfall trends, thermal regime, climatic water balance, hygrometric patterns, and wind speed dynamics. The examination of these parameters makes it possible to identify the climatic dynamics characterizing the study area over the 1993–2022 period, thereby providing insights into their potential implications for agricultural activities and local livelihoods.
3.1.1. Rainfall Variability in the Municipality of Za-Kpota
Rainfall trends in the municipality of Za-Kpota were analyzed using data from the Bohicon synoptic station. Figure 2 illustrates the evolution of the monthly rainfall regime over the study period. The analysis reveals that Za-Kpota is characterized by a bimodal rainfall regime, marked by two distinct rainy seasons. The first rainy season generally extends from April to July, while the second occurs between October and November, resulting in a cumulative rainfall duration of approximately six months per year.
This seasonal distribution of rainfall provides relatively favorable hydrological conditions for agricultural activities, particularly for rain-fed crops. The month of June records the highest rainfall totals, reaching approximately 309.2 mm, making it a critical period for water availability and for key growth stages of crops, including rice flowering and development.
However, this rainfall regime is also characterized by the presence of two relatively pronounced dry seasons. The first corresponds to a short dry period between August and September, while the second, more extended dry season, generally spans from December to March. These periods of water deficit limit the potential for multiple cropping cycles and increase farmers’ dependence on rainfall availability.
In this context, the implementation of hydro-agricultural infrastructure, such as irrigation systems, drainage networks, and water storage facilities, appears essential to ensure agricultural production stability.
Furthermore, the analysis of interannual rainfall variability highlights considerable fluctuations throughout the study period. Annual rainfall totals range from a minimum of approximately 679.4 mm, which may compromise crop yields, to a maximum of 1542.42 mm, which can lead to flooding events and crop losses in certain areas. This pronounced interannual variability constitutes a key feature of climate variability in the municipality of Za-Kpota.
Nevertheless, trend analysis indicates a slight upward tendency in rainfall, as reflected by the slope of the regression line estimated at 5.14 mm/year. This trend suggests a gradual recovery in rainfall over recent decades. If sustained and accompanied by effective water resource management, this evolution could offer opportunities for improving agricultural productivity in the municipality.
These findings are consistent with the work of Dingkuhn et al. (2006), who emphasize the importance of aligning rainfall regimes with crop growth cycles, particularly for rice cultivation. They also corroborate the observations of Niang et al. (2014), which highlight the risks associated with interannual rainfall variability for agricultural production systems in West Africa. These findings are consistent with recent studies highlighting the increasing variability of rainfall patterns under changing climatic conditions (Velusamy et al., 2025a).



Fig 2. Monthly rainfall regime from 1993 to 2022 in Za-Kpota
Source: Meteo-Benin, Climatic Data Archives
3.1.2. Annual Rainfall Trend
The analysis of rainfall variability highlights strong interannual fluctuations in precipitation over the municipality of Za-Kpota (Figure 3). The rainfall anomalies show alternating periods of deficit, normal, and surplus conditions over the study period.
Between 1993 and 2005, rainfall anomalies were predominantly negative, indicating relatively drier-than-average conditions. From 2006 onwards, the series shows alternating positive and negative anomalies, reflecting persistent rainfall variability rather than a clear directional trend.
Linear trend analysis yields the regression equation (y = 0.0218x − 0.3382), suggesting a very weak positive slope. However, the coefficient of determination (R² = 0.0357) indicates that the linear model explains only 3.57 % of the total variability.
Although a slight increasing trend in rainfall is observed, the very low coefficient of determination (R² = 0.0357) indicates that this trend is not statistically strong, and that rainfall variability is largely dominated by interannual fluctuations.
These results demonstrate that rainfall dynamics are dominated by interannual variability, and that no strong or statistically robust long-term trend can be inferred from the linear regression. These results emphasize that rainfall variability in Za-Kpota is mainly characterized by high temporal instability, which is typical of tropical West African climates. Such variability remains a key constraint for rain-fed agricultural systems due to its unpredictability. Similar approaches combining trend analysis and advanced statistical techniques have been widely used to better understand rainfall variability and improve predictive assessments (Velusamy et al., 2026b).


Fig 3. Evolution of rainfall anomalies in the study area over the period 1993–2022
(Source: Meteo-Benin, Climatic Data Archives)

Table 2 presents a summary of the main statistical characteristics of rainfall variability in the study area.

Table 2. Classification of years based on SPI

	Category
	Years
	Number of Years (n)
	Percentage (%)

	Deficit years (SPI < -0.1)
	1995, 1998, 2000, 2001, 2006, 2007, 2008, 2013, 2014, 2015, 2016
	11
	36.7

	Normal years (-0.1 ≤ SPI ≤ 0.1)
	1999, 2002, 2011, 2012
	4
	13.3

	Surplus years (SPI > 0.1)
	1993, 1994, 1996, 1997, 2003, 2004, 2005, 2009, 2010, 2017, 2018, 2019, 2020, 2021, 2022
	15
	50.0

	Total
	—
	30
	100



The classification of rainfall years (Table 2) confirms the strong variability of precipitation in the study area. The results show that 36.7 % of years are deficit, 13.3 % are near normal, and 50.0 % are surplus years, indicating a heterogeneous distribution of rainfall conditions over time.
This distribution reflects the coexistence of wet and dry periods, highlighting the absence of a stable rainfall regime and reinforcing the dominance of interannual variability.
To assess potential changes in rainfall behavior, Pettitt and Buishand tests were applied (Figure 4). The results suggest the possible existence of a structural change in the rainfall series, although such evidence should be interpreted with caution due to the sensitivity of statistical tests to interannual variability.
The Pettitt test indicates a potential change point around the mid-2010s, separating two sub-periods (1993–2016 and 2017–2022). Similarly, the Buishand test suggests a statistically significant inhomogeneity at the 95 % confidence level (p < 0.05).
These results suggest a possible modification in rainfall dynamics; however, this should be interpreted as a statistical indication rather than a definitive climatic shift.
Comparison with previous studies such as Servat et al. (1996) indicates that rainfall variability in West Africa is a well-documented phenomenon. The present findings are consistent with this general pattern, even within the subequatorial context of Za-Kpota. 
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Fig 4. Breakpoint detection using Pettitt test (a) and Buishand test (b)
3.1.3. Monthly and Interannual Temperature Regime over the Period 1993–2022
The analysis of the temperature regime in the municipality of Za-Kpota was carried out using monthly values of maximum, mean, and minimum temperatures recorded over the 1993–2022 period.
This approach provides insight into thermal variations and their potential implications for water availability and rice production in the study area (Figure 5).
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Fig 5. Mean monthly (a) and interannual (b) temperature regime from 1993 to 2022
Source: Meteo-Benin, Climatic Data Archives
The analysis of Figure 5 indicates that the mean monthly temperature ranges from 25.8 °C in August to 29.5 °C in March. The months of February (29.2 °C), March (29.5 °C), and April (29.1 °C) correspond to the hottest period of the year.
During this period, increased temperatures enhance evaporation and evapotranspiration processes, which may reduce water availability within the watershed and affect the hydrological conditions required for crop development, particularly for rice cultivation.
The analysis of interannual temperature variability also reveals a general upward trend. Annual minimum temperatures increased from 23.95 °C in 1993 to 25.52 °C in 2010, representing an increase of approximately 1.56 °C. Similarly, annual maximum temperatures ranged from 30.24 °C in 1994 to 31.44 °C in 2016, corresponding to an increase of approximately 0.99 °C over the study period.
The mean annual temperature is estimated at 28.16 ± 0.3 °C, with a minimum of 27.5 °C recorded in 1994 and a maximum of 28.7 °C in 2019, indicating a variation of about 1.2 °C between these two years.
These results highlight a progressive warming trend, characterized by a simultaneous increase in both minimum and maximum temperatures over the study period. This rise in temperature is likely to influence evapotranspiration processes, thereby increasing pressure on water resources and altering crop growth conditions in the municipality of Za-Kpota.
Furthermore, the analysis of the temperature index (Figure 6) over the period 1993–2022 reveals an overall increasing trend, as indicated by the regression equation y = 0.0219x. However, the relatively low coefficient of determination (R² = 0.1511) suggests that this trend explains only a limited proportion of the observed variability.
This indicates that, despite a general warming trend, temperatures still exhibit significant interannual variability, influenced by various regional climatic factors. These observations are in line with recent studies exploring climate trends and temperature extremes under global warming conditions (Velusamy et al., 2025d).


Fig 6. Temperature index in the municipality of Za-Kpota from 1993 to 2022
Source: Meteo-Benin, Climatic Data Archives
[bookmark: _Hlk225960002]
3.1.4. Monthly Climatic Water Balance
The monthly climatic water balance makes it possible to assess the equilibrium between water inputs from precipitation and losses due to evapotranspiration.
In the municipality of Za-Kpota, the analysis of the climatic water balance reveals an alternation between deficit and surplus periods throughout the year (Figure 7).

Fig 7. Evolution of the climatic water balance in the municipality of Za-Kpota from 1993 to 2022
Source: Meteo-Benin, Climatic Data Archives
[bookmark: _Hlk225960032]Between November and April, the study area is characterized by relatively high temperatures, associated with an increase in evaporative demand, resulting in significant water losses. This situation leads to a strongly negative water balance, reaching approximately –495.9 mm over this period, with monthly values ranging from –28.1 mm to –122.9 mm. These climatic conditions contribute to a reduction in soil water availability and may adversely affect agricultural activities dependent on water resources.
At the annual scale, the overall climatic water balance shows a deficit of –171.3 mm, indicating that water losses exceed precipitation inputs. However, certain periods of the year exhibit a significant water surplus, particularly between May and June, when the cumulative surplus reaches 279.8 mm, with monthly values ranging from 29.8 mm to 190.8 mm.
Another surplus period is observed between September and October, with a cumulative value of approximately 90 mm and monthly values ranging from 42.3 mm to 47.6 mm. In contrast, the month of August also exhibits a deficit water balance, reaching approximately –45.3 mm, corresponding to the short dry season characteristic of the subequatorial climatic regime.
These alternating periods of water surplus and deficit may contribute to the formation of temporary water bodies, which can create favorable environmental conditions for mosquito breeding. However, the relationship between climatic conditions and malaria incidence is complex and influenced by multiple environmental and socio-economic factors. Therefore, these results should be interpreted as indicating potential climatic suitability rather than a direct causal link.
These conditions may influence perceived thermal comfort, potentially leading to varying levels of discomfort depending on individual sensitivity and living conditions. These findings are consistent with the conclusions of the IPCC (2021), which emphasize that variations in the climatic water balance, combined with increasing temperatures, can exacerbate existing health issues. These include more intense heatwaves, an increased risk of undernutrition due to reduced agricultural productivity, and a higher incidence of water- and food-borne diseases. Recent studies have also emphasized the importance of water balance dynamics in influencing agricultural productivity and cropping efficiency under variable climatic conditions (Velusamy et al., 2026a).
[bookmark: _Hlk225960072]3.1.5. Hygrometric Patterns
Figure 8 presents the monthly and interannual variability of relative humidity in the municipality of Za-Kpota over the 1993–2022 period. The analysis shows that the mean monthly relative humidity ranges from 74 % in February to 84 % in August, reflecting a high level of atmospheric moisture characteristic of the subequatorial climate of the study area.
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[bookmark: _Hlk225960106]Fig 8. Evolution of monthly relative humidity at the Bohicon station from 1993 to 2022
Source: Meteo-Benin, Climatic Data Archives

Maximum values of relative humidity are particularly high during the rainy season. They reach extreme levels of 94 % in January, 92 % in May and June, and 93 % in July, August, October, and December. These high humidity conditions favor the persistence of moist environments, which are generally suitable for mosquito development. However, the extent to which this translates into increased malaria transmission depends on additional epidemiological and environmental factors that were not assessed in this study.
Furthermore, the analysis of minimum relative humidity shows values ranging from 61 % to 62 % between December and January, while the highest minimum values, between 74 % and 75 %, are observed from June to July. These hygrometric variations contribute to changes in the thermal comfort conditions experienced by local populations.
Indeed, the thermal environment, resulting from the interaction between temperature and relative humidity, strongly influences comfort levels and may have implications for human health. The period between November (78 %) and May (81 %) is characterized by high temperatures combined with elevated humidity, which may contribute to skin discomfort conditions such as heat rashes, particularly under prolonged exposure to hot and humid environments. Under such conditions, some populations, particularly those with limited financial resources, adopt adaptive strategies such as partial undressing or increased body exposure due to the lack of ventilation or air-conditioning systems.
Beyond its effects on human health, relative humidity is recognized as an important factor influencing crop physiological processes, particularly in rice production systems, where it may affect plant transpiration, vegetative growth, and phytosanitary conditions (Ajavon et al. 2020). In addition, recent advances in environmental monitoring, including machine learning approaches, highlight the importance of atmospheric parameters such as humidity in understanding environmental dynamics and air quality (Velusamy et al., 2025c).

3.1.6. Monthly and Annual Evolution of Wind Speed
The analysis of intermonthly wind speed variability in the municipality of Za-Kpota over the 1993–2022 period highlights a seasonal variation in wind intensity throughout the year (Figure 9).


Fig 9. Intermonthly evolution of wind speed (m/s) at the Bohicon station from 1993 to 2022
Source: Meteo-Benin, Climatic Data Archives

The results indicate that the mean wind speed gradually increases from January (2.53 m/s) to reach a maximum of approximately 3 m/s in April. This period generally corresponds to the transition between the dry season and the progressive onset of the rainy season. After this peak, wind speed tends to stabilize or slightly decrease during the subsequent months.
These winds play a role in the dispersion of particles and pathogens in the environment, thereby facilitating the spread of certain vectors associated with dermatological conditions. They may also contribute to the contamination of uncovered food, representing a potential risk to household food safety.
Furthermore, variations in wind speed can have implications for agricultural production systems, particularly rice cultivation in the municipality of Za-Kpota. Indeed, relatively strong winds can influence microclimatic conditions within fields, notably by enhancing evaporation processes and promoting the dispersion of particles that may affect crop quality.

[bookmark: _Hlk225960194]3.2. Variability of climatic parameters and environmental and agricultural implications in Southern Benin
The results obtained in the commune of Za-Kpota confirm that the climatic conditions of southern Benin fall within a subequatorial climate regime, characterized by bimodal rainfall: a major rainy season generally spanning April to July and a minor rainy season from September to November. This pattern is strongly influenced by the West African monsoon and the proximity of the Gulf of Guinea, which contribute to maintaining relatively high atmospheric humidity and annual mean temperatures around 27–28 °C. These climatic conditions support the development of dense vegetation and sustain agricultural systems, particularly lowland rice cultivation.
However, the analysis of climatic series from 1993 to 2022 reveals significant variability in climatic parameters, especially rainfall and temperature. The observed rainfall fluctuations in Za-Kpota, characterized by alternating deficit and surplus years, confirm the presence of interannual rainfall irregularity, which may influence agricultural systems that are highly dependent on rainfall, although the extent of these impacts was not directly quantified in this study. These observations are consistent with the findings of Kougbeagbede et al. (2017), who reported, through statistical trend analysis of rainfall, a significant decrease in precipitation at some coastal stations in southern Benin, with important implications for rainfed agriculture.
[bookmark: _Hlk226459079]These results are consistent with findings from Ethiopia, where significant spatio-temporal variability and trends in precipitation and extreme rainfall events have been documented (Gummadi et al., 2018). Similarly, studies conducted in Ghana have highlighted long-term rainfall variability and changing precipitation patterns, reinforcing the regional nature of these climatic dynamics in West Africa (Ampofo et al., 2023).
More broadly, the observed rainfall variability and weak trend identified in Za-Kpota are consistent with the regional climatic evolution of West Africa. Several studies have highlighted a prolonged period of rainfall deficit from the 1970s to the 1990s, followed by a partial recovery since the late 1990s, although characterized by strong spatial and temporal variability (Nicholson, 2013). This recovery has not resulted in a uniform increase in rainfall, as interannual variability remains the dominant feature of precipitation regimes in the region.
Similarly, the results align with the analyses of Lawin (2019) in the Oueme basin, showing a trend of decreasing total rainfall accompanied by an increasing number of dry days since the 1970s. This climatic evolution enhances interannual rainfall variability and increases the frequency of prolonged dry spells in agricultural areas of southern Benin. In Za-Kpota, such variability could potentially influence agricultural calendars and water availability, depending on local management practices and crop sensitivity.
Furthermore, the analysis of thermal parameters reveals a gradual increase in temperatures, with both minimum and maximum temperatures rising over the study period. This trend contributes to higher evapotranspiration, which may exacerbate water deficits during dry seasons. These findings are consistent with Mamadou (2014), who highlighted the importance of surface energy fluxes in cultivated areas of southern Benin. According to this author, the positive radiative balance in these regions results in high potential evapotranspiration, particularly during the dry season, emphasizing the role of ferralitic soils in regulating local hydric conditions.
These results are also in agreement with recent assessments of the Intergovernmental Panel on Climate Change, which indicate that West Africa is experiencing significant warming trends combined with persistent rainfall variability, rather than a consistent long-term increase in precipitation (IPCC, 2021). This warming contributes to increased evapotranspiration and intensifies climate-related stress on agricultural systems.
Regional climatic conditions are also influenced by complex interactions between the atmosphere and the biosphere. These interactions, including biogenic emissions and atmospheric chemical processes, can modulate the concentration of volatile organic compounds, with seasonal variations linked to monsoon dynamics and anthropogenic activities. Such processes may influence air quality and, in some cases, affect precipitation formation through aerosol-related mechanisms.
Moreover, hydrological projections for the region indicate an increased sensitivity of water resources to climate change. Bossa (2012), applied to the Oueme basin, shows that future climate scenarios could lead to reduced river flows due to both decreased precipitation and increased evapotranspiration. Such changes could potentially affect water availability under future climatic conditions.
Overall, these findings confirm that, despite generally favorable climatic conditions for agricultural activities, including lowland rice cultivation, regions in southern Benin, including Za-Kpota, remain vulnerable to intensified climate variability and extreme events. This situation underscores the need to strengthen climate monitoring systems and develop agricultural adaptation strategies to enhance the resilience of production systems in the face of climatic fluctuations.
These findings are consistent with other recent studies that have analyzed rainfall trends and variability in different environmental contexts, highlighting the complexity of precipitation dynamics (Velusamy et al., 2025b).

3.3. Study Limitations
Despite the relevance of the results obtained, this study presents some limitations that should be acknowledged. First, the analysis is based on climatic data from a single synoptic station (Bohicon), which may limit the spatial representativeness of the findings for the entire municipality of Za-Kpota. Although this station provides reliable and continuous long-term data, local microclimatic variations within the study area may not be fully captured.
Second, the estimation of the climatic water balance relies on the calculation of potential evapotranspiration using the FAO-56 Penman–Monteith method, which involves assumptions related to input variables and may introduce some level of uncertainty.
In addition, while the study identifies climatic variability and its potential implications for agricultural systems and human health, these impacts were not directly quantified using agricultural yield data or epidemiological records. Therefore, the interpretation of these impacts remains indicative and should be considered with caution.
Finally, the analysis is limited to the period 1993–2022 due to data availability constraints, and does not include the most recent years, which could provide further insights into ongoing climatic trends. Future studies could benefit from integrating multi-station datasets, higher-resolution climate data, and sector-specific indicators to improve the robustness and applicability of the results.

4. Conclusion and Recommendation:
The spatio-temporal analysis of climatic parameters in the commune of Za-Kpota reveals marked climatic variability over the period 1993–2022, characterized by significant fluctuations in rainfall and temperature. The results show an irregular rainfall regime, alternating between deficit and surplus years, as well as a general increase in both maximum and minimum temperatures, consistent with trends observed at national and regional scales. These findings highlight the strong interannual variability of climatic conditions in the study area.
This spatio-temporal variability constitutes a major challenge for agricultural systems, particularly rice cultivation and rainfed crops, which are closely dependent on climatic conditions. It also increases the vulnerability of rural populations to climate-related risks, with potential implications for agricultural productivity and food security.
The findings of this study provide a scientific basis to guide local adaptation strategies. It is strongly recommended that local authorities and development stakeholders:
• Integrate spatio-temporal climate data into agricultural and territorial planning to optimize cropping calendars and water management.	
• Develop and promote resilient agricultural practices, such as appropriate irrigation, drainage, hydro-agricultural infrastructure, and the use of drought-tolerant crop varieties.	
• Strengthen climate monitoring and early-warning systems to better anticipate climatic variability and reduce potential impacts on populations and agricultural systems.	
Ultimately, a better consideration of local climatic dynamics will enhance the resilience of socio-economic and environmental systems in Za-Kpota, contributing to sustainable rural development and improved food security under changing climatic conditions.
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