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Abstract
This study examined the climatology, long-term trends, and variability of rainfall, reference evapotranspiration (ETo), and climatic water balance (CWB) across Ethiopia and its twelve basins from 1980 to 2021. Mean annual rainfall was 773 mm, showing strong spatial contrasts, while mean annual ETo reached 958 mm. The Kiremt season (June–September) contributed the highest rainfall (1303 mm), whereas Belg (February–May) exhibited the highest ETo. The national mean annual CWB was −185 mm, with only four basins displaying a positive balance. Spatial patterns showed wetter conditions in western Ethiopia and elevated ETo in the northeast. Trend analysis revealed significant national increases in both rainfall (2.01 mm yr⁻¹) and ETo (0.40 mm yr⁻¹), though with marked regional differences. Rainfall variability peaked during the Bega season (CV = 45.5%) and was lowest in Kiremt (CV = 21.9%), while CWB exhibited the greatest variability overall. Standardized anomaly assessments identified multiple years of moderate to extreme wet and dry conditions across basins.
These hydroclimatic changes have important implications for public health. Increased rainfall and humidity in basins such as Abbay, Baro–Akobo, Omo–Gibe, and the Rift Valley are expanding habitats for malaria, dengue, and schistosomiasis vectors and elevating risks of water-borne disease outbreaks during intense rainfall. In contrast, declining rainfall and worsening water deficits in arid basins including Denakil, Mereb–Gash, and Aysha heighten drought-related health burdens such as food insecurity, malnutrition, heat stress, and exposure to unsafe water sources. Reduced Belg rainfall threatens food security and alters disease seasonality in northern regions, while rising ETo amplifies thermal stress and hygiene-related disease risks. High inter-annual rainfall variability further contributes to alternating epidemic events and drought-driven health crises. The findings highlight the need to integrate hydroclimatic information into public-health planning and to implement basin-specific adaptation strategies that strengthen water management, sanitation, nutrition support, vector control, and climate-resilient health systems.
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1. Introduction
1.1 Background 
Rainfall and evapotranspiration are fundamental climatic indicators used to evaluate the impacts of climate change and the associated environmental responses at basin and regional scales (Liu et al., 2021; Ajjur & Al-Ghamdi, 2021). Together, they express the hydrological balance between water gains and losses, signaling periods of water sufficiency or scarcity across different locations and seasons. Climate-driven shifts in these components create significant challenges for water-resource management, rain-fed agriculture, food production, forestry, poverty alleviation efforts, and the incidence of climate-sensitive diseases, particularly in developing regions. By 2020, yields in predominantly rain-fed farming systems were already projected to drop by as much as half, severely weakening food access across sub-Saharan Africa (IPCC, 2021; Bouteska et al., 2024; World Bank, 2021; Mera, 2018). In Ethiopia, fluctuations and extremes in rainfall especially during the major and short rainy seasons have intensified food insecurity in a sector that relies heavily on natural precipitation.
Climate variability and change also exert major influences on public health by reshaping environmental conditions that sustain disease vectors, altering water and food availability, and increasing exposure to thermal and hydrological extremes. In Ethiopia a country marked by diverse climates and a strong dependence on rainfall the behavior of hydroclimatic variables such as rainfall, potential evapotranspiration (ETo), and climatic water balance (CWB) plays a key role in determining the occurrence and severity of climate-sensitive diseases. Understanding these interactions is essential for guiding health-focused climate-adaptation strategies tailored to different regions.
Recent analyses highlight pronounced spatial differences in rainfall, evapotranspiration, and climatic water balance across Ethiopia. Increasing annual and Kiremt rainfall in the Abbay, Baro–Akobo, Omo–Gibe, and Rift Valley basins is likely to intensify the risk of climate-sensitive diseases. Enhanced rainfall and humidity expand favorable habitats for mosquito and snail vectors, contributing to higher transmission of malaria, dengue, and schistosomiasis. Numerous studies underscore these relationships: rising rainfall has been linked to increased malaria incidence in southern Ethiopia (Dabaro et al., 2021), while long-term observations in Gambella show concurrent increases in rainfall, humidity, and malaria cases. National-level analyses further reveal that malaria transmission peaks during the wet and humid season, and diseases such as cholera and dysentery escalate with rainfall fluctuations (Simegn et al., 2024). Moreover, heavy Kiremt rains promote surface-water contamination, a major contributor to cholera outbreaks identified through Bayesian analyses and early-warning studies (Letta et al., 2022).
According to the Ethiopian Meteorology Institute (EMI) and related studies (e.g., Fazzini et al. (2015), Ethiopia has three major seasons: Kiremt (June–September), the main rainy season; Belg (March–May), the shorter rainy season; and Bega (October–February), the dry, sunny, and cool season. These seasons vary slightly across regions, particularly between highlands and lowlands. Evapotranspiration, combining evaporation and transpiration, plays a vital role in the water cycle by influencing runoff, soil moisture, and vegetation dynamics. Although essential for evaluating water balance, direct measurement of evapotranspiration is often limited by cost, time, and equipment constraints, prompting widespread reliance on potential or reference evapotranspiration. When the soil is at field capacity, evapotranspiration equals potential evapotranspiration; surplus rainfall over evapotranspiration indicates water surplus, whereas the reverse denotes water deficit (Egwuonwu et al., 2012; Ashaolu & Iroye, 2018; Ejieji, 2011). Accordingly, this study assumes potential (reference) evapotranspiration approximates actual evapotranspiration.
According to the Food and Agriculture Organization of the United Nations report in 1998 document number 56 (FAO56), the reference evapotranspiration (ETo) is defined as “the rate of evapotranspiration from a hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sm-1 and an albedo of 0.23, closely resembling the evapotranspiration from an extensive surface of green grass of uniform height, actively growing, well-watered, and completely shading the ground” (Allen et al., 1998). 
ETo is influenced by several factors amongst which include the net solar radiation, vapor pressure deficit, wind speed, size of surface water bodies, type and size of vegetative cover, availability of soil moisture, reflection of land surface, and change in land use/ land cover. For example, land surface characteristics have been altered in most parts of the world, including Africa. It is important to note that the alteration of land cover by anthropogenic activities changes the land surface characteristics and influences the evapotranspiration process on a regional scale (e.g. East Africa) or country scale (e.g. Ethiopia), thus altering the regional hydrological cycle. In addition to the surface and subsurface hydrology, the climatic water balance, which is the difference between rainfall and evapotranspiration, is the main component of the hydrological system impacting the water and climate of a place.
Ethiopia's climate is primarily influenced by the seasonal movement of the Intertropical Convergence Zone (ITCZ) and associated atmospheric patterns (Fazzini et al., 2015; Gleixner et al., 2017), along with the country’s varied topography and distinct elevation differences across large regions. The shift between lowland and highland areas is often abrupt, creating a range of climates from very arid to very humid, characteristic of equatorial mountainous regions, with further local variations. Additionally, rainfall patterns change with latitude, generally decreasing from south to north (Tibebe et al., 2023) and west to east, while elevation and landscape features play a significant role in shaping patterns of meteorological parameters such as rainfall, evapotranapiration, temperature, and wind across Ethiopian basins. 
Ethiopia’s twelve major river basins from Wabe-Shebele and Abay to Ogaden, Aysha, and Mereb constitute a complex hydrological system vital for water security, ecosystem functioning, and human health. Some basins receive higher rainfall yet remain susceptible to public health challenges and climate-sensitive disease dynamics. In contrast, the dry basins of the eastern and southeastern lowlands experience arid conditions, irregular rainfall, limited surface water, and high evaporation, with communities relying on ephemeral streams. Frequent droughts and desertification exacerbate water scarcity and increase vulnerability to diseases associated with unsafe water, poor sanitation, shifting vector patterns, and extreme heat. Despite these difficulties, opportunities exist through groundwater exploitation, rainwater harvesting, and climate-resilient farming. Enhancing water management and climate-adaptation measures is crucial to mitigate health risks and strengthen resilience as climate change continues to reshape both hydrology and disease patterns.
Rainfall in Ethiopia exhibits significant spatial and temporal variability, with some regions experiencing declining precipitation and more frequent droughts, while others face intensified rainfall and flooding (Bewket & Conway, 2007; Seleshi & Zanke, 2004). Rising temperatures, a consistent trend across the country (IPCC, 2021; Lee et al., 2021), further increase evapotranspiration, straining water resources and heightening water stress, particularly in drier regions (Hirwa et al., 2022; Eshete et al., 2020). These changes in the climatic water balance have important implications for public health and climate-sensitive disease dynamics, as variations in temperature and humidity can favor pathogen proliferation and increase vulnerability to water- and vector-borne diseases (Moore & Allard, 2008; Lahlali et al., 2024).
High inter-annual rainfall variability amplifies health risks: wet years promote outbreaks of vector- and water-borne diseases, while dry periods exacerbate malnutrition, hygiene-related illnesses, and mental stress. Rising evapotranspiration (ETo) increases heat stress, dehydration, and cardiovascular risks, particularly among outdoor workers and urban populations exposed to heat islands, while also reducing soil and surface water availability, indirectly compromising sanitation and pathogen exposure. Strengthening adaptive capacity through improved water management, green infrastructure, early warning systems, and climate-informed disease surveillance is essential to reduce vulnerabilities and enhance resilience to hydrological extremes and associated health risks (Allard et al., 2003; Jat et al., 2025).
1.2 Objective 
The aim of this research is to examine how annual, seasonal, and monthly rainfall, reference evapotranspiration, and climatic water balance have changed and varied across Ethiopia and its twelve major river basins from 1980 to 2021, and to explore what these patterns mean for public health and the dynamics of climate-sensitive diseases.
2. Material and Methods
2.1. Study Area
Ethiopia having a total area of above 1.1 million km² is a large landlocked country located between 3-5° N latitude and 33-48° E longitude in East Africa (Fig. 1) (Khatami et al., 2020). The country’s elevation spans from about -125 m to 4620 m above sea level (a.s.l.) (Banda and Tassie, 2018), with highland areas (above 1500 m a.s.l.) comprising 43% (537,000 km²) of the country, (Hurni, 1988). According to the FAO report, Ethiopia has the largest highland area in Africa, with almost 50% of the total African highland area, covering around 40% (490,000 km²) of Ethiopia (Gryseels & Anderson, 1983). Ethiopia’s mean annual air temeperature ranges from 15–20°C in highlands to 25–30°C in lowlands annually (Fazzini et al., 2015). The monsoonal climate brings annual rainfall of 800 to 3000 mm, while evapotranspiration ranges from 1400 to 1681 mm per year (Hawando, 1997). 
[image: D:\Part-I\2025\Pub_4\22-Jornal_springer NATURE\study area_1.png]
Fig. 1 Map depicting Ethiopia, its twelve major basins, the DEM, and the geographic context within Africa.
2.2. Data
Averages of monthly climate data, such as monthly maximum, minimum, and air temperatures (Tmax, Tmin, Ta), relative air humidity (RH), rainfall or rainfall (P),  wind speed at 10 meters above ground (u10), and net radiation (Rn) from 392 grid points, each separated by 0.5o or 55.5 km, for the period 1980-2021 were the basis of the climate dataset. Analyzing data derived from multiple models provides a more reliable and robust result compared to using a single model alone. By combining outputs from five different models and taking their average, random errors and individual model biases can be minimized. This ensemble approach enhances the overall accuracy and stability of the analysis, as it captures a wider range of variability and reduces the influence of outliers or model-specific uncertainties. Therefore, multi-model averaging serves as a more dependable method for representing real-world conditions than relying solely on individual model outputs.The average was obtained from the following five climate data sources. 
[bookmark: _Hlk152279480]1) MSWX-Past (www.gloh2o.org/mswx/), 
2) MERRA-2 (https://esgf-node.llnl.gov/search/esgf-llnl), 
[bookmark: _Hlk152278103]3) ERA-5 (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-complete), 
4) CRUTS4.06 (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.06/), 
5) TerraClimate (https://www.climatologylab.org/terraclimate.html). 
2.3. Methods
The Food and Agriculture Organization (FAO56) Penman-Monteith method by Allen et al. (1998) was used to calculate the reference evapotranspiration (ETo) as given below:
ETo , ……………………………………………….……………………... (1)
where Rn is the net radiation in MJ/(m2 month), G is the soil heat flux in MJ/(m2 month), G can be neglected on monthly or longer time scales; γ indicates the psychometric constant in kPa/oC; Ta represents the air temperature in oC; u2 is the wind speed at a 2 m height in m/s and is converted from the wind speed at a 10 m height using the formula u2 = 0.75 u10 where u10 is wind speed at a 10 m (Allen et al., 1998); RH  is the relative humidity in %; es indicates saturation vapor pressure in kPa; and Δ is slope vapor pressure curve in kPa/oC. All the computations, including ETo performed on a monthly scale. The annual and seasonal rainfall (P) and reference evapotranspiration (ETo) were obtained from monthly values by summation while the other meteorological parameters, including net radiation (Rn) which was used for estimating ETo, were calculated using averages. The rainfall and ETo data from 1980 to 2021 for each grid point were averaged to determine the mean annual and seasonal rainfall (P) and ETo for the study area. The annual and seasonal ETo values were then subtracted from the corresponding rainfall (P) data to calculate the annual and monthly climatic water balance (CWB) (Adhikari & Devkota, 2012). The resulting rainfall (P), ETo, and climatic water balance (CWB) values were then interpolated using the inverse distance weighting (IDW) method in QGIS, ArcGIS, Python, or any other appropriate software to analyze their spatial distribution across Ethiopia. 
The annual and seasonal trends of rainfall P, ETo, and climatic water balance (CWB) were analyzed using the slope of a simple linear regression model, see Eq. 2, and slope estimator method by  Ebrahem & Al-Nasser (2005). To assess the statistical significance of the trend at the 95% confidence level, non-parametric Student's t-test statistic was used with p-values less than 0.05 significant level or above 95% confidence level signifying significant trends. 
Y = a + b X, …………………………………………………………………………………..………………... (2)
In this context, Y represents the independent variable, a is the intercept, b is the slope or trend, and X is the dependent variable.
Descriptive statistics, such as the mean and standard deviation, were employed to summarize the dataset and or to determine the coefficient of variation (CV). When discussing lower or higher CV (Coefficient of Variation) results, it is often mentioned that a lower CV indicates more consistency or less relative variability, while a higher CV reflects greater variability relative to the mean. However, what is usually not mentioned is that CV does not explain the underlying causes of this variability, nor does it indicate whether the variability is practically significant. CV was used to indicate the Percentage of variability in rainfall, ETo, and CWB was indicated by CV as given below.
CV = (SD/) * 100%, ………………………………………………………….…………………….………... (3)
Where SD is a standard deviation and mean value. 
Regarding CWB (Climate Water Balance), if the methodology is not explained in the section you mentioned, it is usually calculated as:
CWB = P−ET, Where: P = Precipitation (or rainfall, depending on the dataset), ETo = Evapotranspiration
Standardized rainfall or rainfall anomaly (SRA) measures rainfall deviations from the long-term average, helping to identify drought conditions (negative anomalies indicate below-normal rainfall), flood potential (positive anomalies indicate excessive rainfall), and rainfall extreme events (both dry and wet extremes) as shown in Table 1. In hydrology, climate studies, and disaster management, SRA is used to assess rainfall variability and climate trends.SRA is the standard anomaly equation used to compare the relative inter- (between years) and intra- (within a year) annual rainfall variability over a study area; it is also used to estimate z-score in statistics (Singh et al., 2021). SRA is calculated as given in the equation below.
SRA(i,x,y) = , …………….………..…………………..……………….……..…... (4)
where SRA(i,x,y) represents the annual or seasonal standardized rainfall or rainfall anomaly (SRA) in the ith year at the grid/ pixel location (x,y) and P(i,x,y) represents the annual or seasonal rainfall of ith year being processed. Mean[P1981-2020(i,x,y) and represent the long-term mean and standardized annual (or seasonal or monthly) rainfall over 40 years from 1981 to 2020, respectively. 
Table  1  |   Standardized rainfall anomaly (SRA) classification; modified after Singh et al. (2021)
	Standardized rainfall anomaly (SRA)
	Anomaly Classes

	<  -2
	Extremely Dry

	-2 to > -1
	Very Dry

	-1 to > -0.5
	Moderately Dry

	-0.5 to ≤ 0.5
	Normal

	> 0.5 to 1
	Moderately Wet

	> 1 to 2
	Very Wet

	> 2
	Extreme Wet



Table 2    |    Validation reference evapotranspiration (ETo) result obtained from the ensemble of the five data sources using monthly ground meteorological station data from 1982 to 2020
	ETo
	Bahir Dar
	Bale Robe
	Hawassa
	Metehara
	Adama
	Average

	Latitude (0N)
	11.595
	7.875
	7.065
	8.858
	8.55
	8.79

	Longitude (0E)
	37.38
	39.622
	38.483
	39.919
	39.283
	38.94

	Altitude (m)
	1800
	2441
	1694
	944
	1622
	1700

	R
	0.77
	0.64
	0.80
	0.65
	0.64
	0.70

	MPE
	14.19
	4.52
	-7.58
	2.9
	8.06
	4.42

	RMSE
	16.19
	8.27
	18.27
	12.32
	16.28
	14.27


Note: Bold indicates areal averages of the five stations in Ethiopia
Table 3   |    Correlation between monthly rainfall data obtained from the five reanalysis data sources and ground meteorological stations from 1982 to 2020
	Reanalysis data
	Bahir Dar
	Bale Robe
	Hawassa
	Metehara
	Adama
	Average

	CRU
	0.91
	0.82
	0.75
	0.81
	0.86
	0.83

	ERA5
	0.68
	0.56
	0.38
	0.23
	0.39
	0.45

	MERRA2
	0.86
	0.83
	0.71
	0.48
	0.62
	0.7

	MSWX
	0.94
	0.85
	0.77
	0.76
	0.8
	0.82

	TerraClimate
	0.93
	0.81
	0.75
	0.80
	0.86
	0.83


Note: Bold indicates areal averages of the five stations in Ethiopia


3. Results 
3.1. Climatology of Rainfall, Evapotranspiration, and Climatic Water Balance 
3.1.1 Climatology of Rainfall and Reference Evapotranspiration in Ethiopia
During 1980-2021 the mean annual rainfall in Ethiopia was 773 mm masking significant regional differences among Ethiopian basins, see Fig. 2, Fig. 4, and Table 6, due to Ethiopia’s varied topography and the complex seasonal and spatial impacts of prevailing air masses and wind patterns. In hydrometeorology, surplus and deficient refer to the balance between rainfall (precipitation) and evapotranspiration (ET), indicating the amount of water available relative to the amount lost through evaporation and plant transpiration. On an annual, seasonal, or monthly basis, when rainfall exceeds evapotranspiration, it results in a surplus, whereas when evapotranspiration is greater than rainfall, it indicates a deficiency. The mean seasonal rainfall amount was the highest in Kiremt (393 mm) followed by Belg (242 mm) while Bega was dry season recording 138 mm (Fig. 4). Rainfall distribution varies greatly across Ethiopia, with the peak monthly rainfall reaching 117 mm in August, in Kiremt season, and 95 mm in May, in `Belg season (Fig. 4). In contrast, the least mean rainfall amount of 11 mm was recorded in January, in Bega season (Fig. 4). The analysis of the reference evapotranspiration (ETo) showed that the mean annual evapotranspiration in Ethiopia was 958 mm (see Table 7), with monthly ETo values ranging from 74 mm, in December, to 88 mm, in March (Fig. 4). Spatially, higher rainfall was observed in the western-half (for example in Baro-Akobo, Omo-Gibe, and Abbay basins) and higher ETo was observed in the northeastern parts (for instance in Aysha, Denakil, and Mereb-Gash basins) of Ethiopia (Fig.2 & 3 and Table 6 & 7). Temporally, the mean monthly rainfall amount in Ethiopia was higher from April to October, ranging from 76 to 117 mm, while in the remaining five months (November to March) it was lower, ranging from 11 to 41 mm; however, ETo ranged only slightly (74 to 88 mm). The range of the mean seasonal ETo amount in Ethiopia was also minimal (between 309 and 338 mm) compared to that of rainfall (between 138 mm and 393 mm) (also see Fig. 4). Generally, the Kiremt season significantly contributed to the annual total rainfall across most of Ethiopia, while evapotranspiration was notably high during the Belg season.

[image: D:\Part-I\2025\Pub_4\Data-2\fig.2\Fig.2.png]
Fig. 2 Spatial distribution of annual and seasonal rainfall (P) over Ethiopia from 1980 to 2021
[image: D:\Part-I\2025\Pub_4\Data-2\fig.2\Fig.3.png]
Fig. 3 Spatial distribution of annual and seasonal evapotranspiration over Ethiopia from 1980 to 2021
[image: D:\Part-I\2025\Pub_4\22-Jornal_Climatology\Fig.4.png]Fig. 4 Annual,seasonal and mean monthly rainfall (P) & evapotranspiration (ETo) over Ethiopia from 1980 to 2021
3.1.2 Climatology of Climatic Water Balance in Ethiopia
The annual mean climatic water balance (CWB) in Ethiopia during 1980-2021 was -185 mm (Fig. 6, Table 6). The annual and seasonal (Bega, Belg, Kiremt) range of the mean CWB in Ethiopia, considering each of the 392 grid points used for the study, was from -991 to 1448 and -351 to 1029 mm. respectively (Fig. 5). As shown in Fig. 5, most parts of Ethiopia, except some western and central parts, had negative CWB. The annual and seasonal, except in the Kiremt season, mean CWB in Ethiopia was also negative (Fig. 6). Out of the twelve basins, only four basins (Baro-Akobo, Omo-Gibe, Abbay, and Rift Valley) had a positive annual CWB (Table 6). On a monthly scale, the CWB increases from January until May, then declines from May to June, followed by a rise from June to August; then, it gradually decreases until December (Fig. 6).

[image: D:\Part-I\2024\2024-Part-III\Pub_4\Data-2\fig.3\Fig.5.png]
Fig. 5 Spatial distribution of annual & seasonal mean climatic water balance in Ethiopia (1980-2021)
[image: D:\Part-I\2025\Pub_4\22-Jornal_Climatology\Fig.6.png] 
[bookmark: _Hlk184719822]Fig. 6 Annual, seasonal and mean monthly, seasonal, and annual climatic water balance (CWB) in Ethiopia during 1980-2021
3.2. Trend of Rainfall, Evapotranspiration, and Climatic Water Balance
3.2.1 Spatiotemporal Trends in Rainfall and Reference Evapotranspiration in Ethiopia
Table 6, Table 7, and Fig. 7 & 9 illustrated spatiotemporal changes/ trends in rainfall and reference evapotranspiration (ETo) across Ethiopia and its twelve basins from 1980 to 2021. For instance, the annual rainfall and ETo in Ethiopia significantly increased by 2.01 and 0.40 mm per year, respectively (Table 6 and Table 7). Positive trends of annual rainfall were predominant except in a few basins, Denakil, Mereb-Gash, and Aysha, that exhibited non-significant decreasing trends in some parts of the basin areas (Table 6 and Fig. 7). A non-significant increasing rainfall trend was observed in Awash, Tekeze, Baro-Akobo, and most areas of Abbay basins (Table 6 and Fig. 7). The annual rainfall increased at a rate of 0.67 mm/year in Awash to 5.77 mm/year in the Rift Valley while it decreased at rates ranging from -0.04 mm/year in Mereb-Gash to -0.48 mm/year in Aysha (Table 6). Also, the seasonal rainfall was increasing in most parts of Ethiopia except northern-half of Ethiopia in Belg season (Table 6 and Fig. 7). The annual and seasonal ETo showed increasing trends except in Ogaden basin in Belg and Kiremt seasons (Table 7) and their trends were generally significantly increasing in most parts of Ethiopia (Fig. 8). Although both rainfall and ETo were increasing in most parts of Ethiopia, the increase was mostly significant and covered wider areas in the case of ETo than rainfall (Fig. 7 and Fig. 8). In the current twelve years, from 2010 to 2021, the rainfall and ETo values in Ethiopia were relatively high, above 734 to 896 and 955 to 978 mm, respectively (Fig. 9).
[image: D:\Part-I\2024\2024-Part-III\Pub_4\Data-2\Fig_a-b_rf\Fig.7.png]
Fig.7 Long-term annual and seasonal rainfall (P) trends observed over Ethiopia from 1980 to 2021

Table 4  |    Mean annual & seasonal rainfall amount [mm] & trend [mm/year] in Ethiopia (1980 to 2021).
	[bookmark: _Hlk188792346] 
	Annual
	Bega
	Belg
	Kiremt

	Ethiopia/Basins
	amount 
	slope
	amount 
	slope
	amount 
	slope
	amount 
	Slope

	Ethiopia
	773
	2.01
	138
	0.84
	242
	-0.04
	393
	1.21

	Wabi-Shebele
	590
	2.21
	126
	1.17
	229
	0.64
	234
	0.4

	Abbay
	1171
	1.92
	127
	-0.03
	232
	-0.68
	811
	2.63

	Genale-Dawa
	597
	2.81
	179
	2.19
	282
	0.45
	136
	0.17

	Awash
	510
	0.67
	78
	0.11
	191
	-0.83
	241
	1.38

	Tekeze
	681
	1.37
	56
	0.07
	122
	-0.86
	503
	2.16

	Omo-Gibe
	1278
	3.94
	243
	1.34
	429
	0.49
	606
	2.11

	Ogaden
	266
	1.42
	80
	0.5
	134
	0.84
	53
	0.08

	Baro-Akobo
	1381
	0.89
	242
	0.53
	362
	-0.69
	778
	1.05

	Denakil
	285
	-0.11
	49
	-0.02
	98
	-1.23
	138
	1.14

	Rift-Valley
	1088
	5.77
	244
	2.66
	417
	1.5
	427
	1.61

	Mereb-G
	489
	-0.04
	23
	-0.06
	58
	-0.55
	407
	0.57

	Aysha
	222
	-0.48
	44
	-0.13
	90
	-0.89
	88
	0.54


Note: The bold numbers indicate the trend is significant at a 95 % confidence level (p-value < 0.05).  Positive and negative values of the slope indicate increasing and decreasing trends, respectively. 
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Fig.8 Annual and seasonal reference evapotranspiration (ETo) trend over Ethiopia during 1980 to 2021

Table 5 |   Mean annual & seasonal reference evapotranspiration amount [mm] & trend [mm/year] in Ethiopia (1980 to 2021).
	 
	Annual
	Bega
	Belg
	Kiremt

	Ethiopia/Basins
	amount 
	slope
	amount 
	slope
	amount 
	slope
	amount 
	slope

	Ethiopia
	958
	0.40
	309
	0.16
	338.2
	0.18
	310
	0.05

	Wabi-Shebele
	966
	0.10
	310
	0.09
	340.1
	0.01
	316
	0.00

	Abbay
	923
	0.76
	299
	0.24
	335.2
	0.39
	289
	0.13

	Genale-Dawa
	946
	0.25
	311
	0.10
	331.3
	0.04
	304
	0.11

	Awash
	991
	0.46
	311
	0.19
	345.9
	0.21
	334
	0.07

	Tekeze
	975
	0.64
	308
	0.22
	352.8
	0.40
	314
	0.02

	Omo-Gibe
	927
	0.32
	308
	0.13
	323.6
	0.13
	295
	0.06

	Ogaden
	977
	0.02
	319
	0.08
	346.8
	-0.06
	311
	0.00

	Baro-Akobo
	922
	0.62
	307
	0.26
	324.9
	0.33
	290
	0.03

	Denakil
	1059
	0.52
	321
	0.21
	363.6
	0.34
	374
	-0.03

	Rift-Valley
	905
	0.31
	300
	0.12
	315.8
	0.09
	289
	0.10

	Mereb-G
	1027
	0.64
	321
	0.22
	371.8
	0.44
	334
	-0.02

	Aysha
	1036
	0.39
	306
	0.22
	347.3
	0.19
	383
	-0.02


Note: The bold numbers indicate the trend is significant at a 95 % confidence level (p-value < 0.05).  Positive and negative values of the slope indicate increasing and decreasing trends, respectively.
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Fig. 9  Rainfall (P) and reference evapotranspiration (ETo) time series over Ethiopia during 1980 to 2021.
3.2.2 Spatiotemporal Trends in Climatic Water Balance in Ethiopia
Fig. 10 presents the spatiotemporal changes in the climatic water balance (CWB) of Ethiopia from 1980 to 2021. Similarly, Fig. 4, which primarily illustrates the relationship between mean monthly rainfall and reference evapotranspiration (ETo) in Ethiopia, can also be used to describe climatic water balance. Generally, the patterns of the CWB trends had some similarity with rainfall trends (see Fig. 7). The annual and seasonal distribution of  CWB was dominated by increasing trends except in Belg season where decreasing trends dominate, particularly in the northern half of Ethiopia. The annual and Bega CWB trends were significantly increasing in most parts of southern Ethiopia; in contrast, the Belg CWB trend was significantly decreasing in northern Ethiopia (Fig. 10). The rainfall amount in Ethiopia was higher than the reference evapotranspiration during Kiremt (June-September) and partially in Belg (in the two months,  April and May, of Belg season) indicating the prevalence of surplus moisture or positive CWB (Fig. 4). In contrast, the annual mean CWB was negative (-185 mm) as it was in Bega (-171 mm) and Belg (-97 mm) seasons and seven months, October to March and June (Fig. 4 & Fig. 6). The mean monthly rainfall exceeds the mean monthly ETo during July to September and April to May, creating a water surplus for these five months and a deficit during the other seven months. The surplus period supports agricultural, hydrological, and forestry activities, indirectly promoting food security and livelihoods, which are critical determinants of community health. However, excessive moisture during these months may also increase the risk of waterborne diseases and flooding, posing health hazards. In contrast, the water deficit months can reduce soil moisture and hinder groundwater recharge, compromising crop and tree growth, and potentially limiting access to safe domestic water. This scarcity can exacerbate malnutrition, increase reliance on unsafe water sources, and elevate the risk of water-related illnesses, particularly affecting rural populations and a significant portion of urban residents. 
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Fig.10 Trend of annual and seasonal climatic water balance over Ethiopia during 1980 to 2021

Table 6  |   Mean annual Climatic Water Balance amount [mm] and slope [mm/year] in Ethiopia (1980 to 2021).
	 
	Annual
	Bega
	Belg
	Kiremt

	Ethiopia/Basins
	amount 
	Slope
	Amount 
	slope
	Amount 
	slope
	Amount 
	slope

	Ethiopia
	-185
	1.61
	-171
	0.68
	-97
	-0.22
	83
	1.16

	Wabi-Shebele
	-376
	2.11
	-183
	1.08
	-111
	0.63
	-82
	0.40

	Abbay
	248
	1.16
	-172
	-0.27
	-103
	-1.07
	523
	2.50

	Genale-Dawa
	-349
	2.56
	-132
	2.09
	-50
	0.41
	-168
	0.06

	Awash
	-482
	0.20
	-233
	-0.08
	-155
	-1.04
	-94
	1.32

	Tekeze
	-294
	0.73
	-253
	-0.15
	-230
	-1.26
	189
	2.14

	Omo-Gibe
	351
	3.62
	-65
	1.21
	106
	0.36
	311
	2.05

	Ogaden
	-711
	1.39
	-239
	0.43
	-213
	0.89
	-259
	0.07

	Baro-Akobo
	459
	0.27
	-66
	0.27
	37
	-1.03
	488
	1.02

	Denakil
	-775
	-0.63
	-273
	-0.23
	-266
	-1.57
	-236
	1.17

	Rift-Valley
	183
	5.46
	-55
	2.54
	101
	1.41
	137
	1.51

	Mereb-G
	-538
	-0.67
	-298
	-0.27
	-314
	-0.99
	73
	0.59

	Aysha
	-815
	-0.87
	-263
	-0.34
	-257
	-1.08
	-295
	0.56


Note: The bold numbers indicate the trend is significant at a 95 % confidence level (p-value < 0.05).  Positive and negative values of the slope indicate increasing and decreasing trends, respectively. Positive and negative CWB values indicate surplus and deficit moisture or rainfall.
3.3. Variability of Rainfall, Evapotranspiration, and Climatic Water Balance
3.3.1 Spatiotemporal Variability in Rainfall and Reference Evapotranspiration in Ethiopia
The mean annual and seasonal rainfall variability expressed by the coefficient of variation (CV), by considering each of the 392 grid points, in Ethiopia ranged from 7.5 to 32.2 and 6.5 to 74.9 % with a mean value of 16.2 and 31.9 %, respectively. The mean annual and Kiremt CV of rainfall was lower than 18 % in most parts of Ethiopia (Fig. 11). The rainfall variability was the highest in the dry season, Bega, followed by the small rainy season, Belg, and main rainy season, Kiremt, with mean CV of  45.5, 28.2, and 21.9 %, respectively. The Denakil (67.8%) and Mereb-Gash (8.5%) basins exhibited the highest and lowest rainfall variability, respectively, while the Denakil (6.2%) and Aysha (3.6%) basins exhibited the highest and lowest reference evapotranspiration (ETo) variability, respectively (Table 7). Compared to rainfall and CWB, the variability in annual as well as seasonal ETo was minimal; it ranged between 0.7 and 3.1 % with annual ETo showing the least variability in most parts of Ethiopia (Fig. 12).  
The analysis of the standardized rainfall anomaly (SRA) over Ethiopia (Fig. 13) reveals the existence of moderate to extreme dry as well as wet climate conditions in nine years in 1980, 1984, 1990, 1991, 1992, 1999, 2002, 2009, and 2021 as well as 1982, 1996, 1997, 2006, 2013, 2014, 2018, 2019, and 2020, respectively in over 50 % of Ethiopia during the study period. In the remaining 24 years, out of a total of 42 years, normal conditions prevailed throughout Ethiopia. 
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Fig. 11 Annual and seasonal spatiotemporal variability, CV [%], of rainfall in Ethiopia during 1980 to 2021
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Fig. 12 Annual and seasonal spatiotemporal variability reference evapotranspiration in Ethiopia (1980 to 2021)
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Fig. 13 Annual rainfall spatiotemporal variability, expressed in the area percentage of standardized rainfall anomaly (SRA) [%] in Ethiopia during 1980 to 2021
Table 7 |   Annual and seasonal (Bega, Belg, Kiremt) variability, CV [%], of rainfall (P), reference evapotranspiration (ETo), and Climatic Water Balance (CWB) in Ethiopia (1980 to 2021).
	
	Annual
	Bega 
	Belg
	Kiremt

	Basins
	P
	ETo
	CWB
	P
	ETo
	CWB
	P
	ETo
	CWB
	P
	ETo
	CWB

	Ethiopia
	61.1
	6.1
	278.3
	60.8
	5.2
	52.3
	54.2
	5.7
	151.7
	86.1
	9.0
	429.9

	Wabi-Shebele
	48.4
	4.2
	84.1
	32.8
	4.9
	28.0
	31.8
	4.2
	76.3
	77.6
	4.2
	230.1

	Abbay
	26.6
	4.1
	132.8
	34.5
	4.4
	27.7
	35.4
	4.7
	92.0
	27.9
	4.6
	44.8

	Genale-Dawa
	60.8
	4.9
	113.2
	37.0
	4.7
	59.3
	44.3
	5.3
	277.7
	128.9
	5.1
	109.6

	Awash
	41.3
	5.7
	54.3
	32.8
	4.8
	14.9
	30.0
	5.0
	45.6
	59.2
	7.9
	177.7

	Tekeze
	30.8
	3.7
	78.3
	26.9
	5.3
	9.7
	31.0
	4.6
	22.8
	37.1
	3.0
	102.8

	Omo-Gibe
	28.2
	4.4
	111.5
	32.3
	5.5
	115.3
	23.3
	3.6
	99.2
	52.7
	4.6
	106.7

	Ogaden
	29.6
	3.8
	16.0
	17.6
	4.2
	5.9
	23.3
	3.0
	19.0
	103.5
	4.3
	25.8

	Baro-Akobo
	31.4
	4.9
	103.2
	35.7
	4.7
	145.7
	37.7
	5.4
	415.2
	36.6
	5.3
	61.2

	Denakil
	67.8
	6.2
	33.0
	53.1
	5.8
	14.2
	57.8
	5.6
	27.8
	89.4
	7.4
	63.7

	Rift-Valley
	44.3
	4.5
	276.7
	41.7
	5.7
	187.3
	35.8
	3.8
	152.7
	67.4
	4.5
	216.6

	Mereb-G
	8.5
	4.0
	8.9
	42.7
	5.2
	8.9
	42.9
	4.7
	13.5
	15.2
	2.3
	74.9

	Aysha
	18.8
	3.6
	9.4
	28.1
	4.1
	0.3
	18.5
	2.7
	8.8
	43.5
	4.3
	18.4




3.3.2 Spatiotemporal Variability in Climatic Water Balance in Ethiopia
Compared to rainfall and ETo, the variability in annual as well as seasonal CWB was maximal with Kiremt season generally having lower values of mean CV, 77.9 %, compared to Bega (97.2 %) and Belg (127.9 %) (Fig. 14). The CWB had high contrast or extreme values of CV, for annual CWB for instance, as large as 2212 % and as low as 4 %, which could be attributed to their calculation procedures because absolute values of CWB were used in the mean calculation to avoid the existence of negative CV. The highest and lowest annual CWB variability was exhibited at the Wabe-Shebele (276.7 %) and Aysha (8.9 %) basins, respectively (Table 7). The annual CWB variability was lower, CV ≤ 23 %, in the eastern half tips, or the southeast and northeast, of Ethiopia while the variability was higher, CV > 23 %, in the central and some northwest and southwest parts of Ethiopia (Fig. 14).  Compared to Bega and Kiremt seasons, the seasonal CWB variability was the highest in Belg season (Fig. 14).  
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Fig. 14 Annual and Seasonal spatiotemporal variability of climatic water balance in Ethiopia during 1980 to 2021





4. Discussions
4.1. Climatology of Rainfall, Evapotranspiration, and Climatic Water Balance 
4.1.1 Climatology of Rainfall and Evapotranspiration in Ethiopia
The climatological analysis of rainfall and reference evapotranspiration (ETo) in Ethiopia between 1980 and 2021 reveals a complex hydroclimatic regime characterized by significant spatial and temporal variability. The calculated mean annual rainfall of 773 mm masks substantial regional differences across Ethiopian basins (Fig. 2, Table 6), a pattern strongly influenced by the country's diverse topography and the intricate interplay of seasonal and spatial impacts from prevailing air masses and wind patterns (Seleshi & Zanke, 2004). For instance, the higher rainfall observed in the western half (e.g., Baro-Akobo, Omo-Gibe, and Abbay basins) is consistent with greater moisture advection from the Atlantic and Indian Oceans, often intercepted by the western highlands. In contrast, the drier conditions in the northeastern parts (e.g., Denakil, Mereb-Gash, and Aysha basins) are likely due to rain shadow effects created by the eastern highlands and their leeward position relative to moisture-bearing winds (Jury, 2024; Van den Hende et al., 2021; Bayable et al., 2021). Fig. 2 visually corroborates these regional disparities in annual and seasonal rainfall. The mean annual rainfall amount of 773 mm obtained in this study may be lower compared to the results obtained from some previous studies. For example, Berhanu et al. (2013 & 2014) reported that the mean annual in Ethiopia had ranged from 141 mm in eastern and northeastern arid areas to 2,275 mm in southwestern highlands with a median of 1200 mm.
The temporal analysis highlights the dominance of the Kiremt season, which contributes the largest mean seasonal rainfall (393 mm), aligning with the northward migration of the Inter-Tropical Convergence Zone (ITCZ) (Ehsan et al., 2021; Bekele-Biratu et al., 2018). The Belg season also provides a significant amount (242 mm), crucial for bi-modal rainfall regions (Bekele-Biratu et al., 2018; Rosell & Holmer, 2007; Dalle et al., 2023). The Bega season is notably drier (138 mm), underscoring the strong seasonal dependence of water availability (Fig. 4). The peak monthly rainfall in August (117 mm during Kiremt) and May (95 mm during Belg) are critical periods for water resources, while the lowest amount (11 mm) in January (Bega) signifies potential water stress. Fig. 4 illustrates these monthly variations in rainfall. For example, the result of the annual rainfall climatology aligned with Berhanu et al. (2013); however, the annual ETo class in their study was different compared to the result of this study as it depicted a large portion of Ethiopia, class 1 & 2, evaporating annual mean ETo of above 1737 mm and only a little part, class 1 & 2, evaporating below 1124 mm, and the remaining parts of Ethiopia, class 3 & 4, evaporating between 1124 and 1737 mm. This indicates that the ETo estimation by Berhanu et al. (2013) had a general over and under-estimation for larger and smaller ETo values. 
The mean annual ETo of 958 mm, with a relatively narrow monthly range (74 mm in December to 88 mm in March, as shown in Fig. 4), indicates a consistently high atmospheric demand for water throughout the year. Spatially, higher ETo in the northeastern basins (Fig. 3, Table 7) likely reflects the higher temperatures and lower humidity prevalent in these arid and semi-arid environments as evidenced in 1998 by the Food and Agricultural Organization of the United Nations report no. 56 (FAO56) (Allen et al., 1998). Conversely, the western regions with higher rainfall generally exhibit lower ETo, potentially due to increased cloud cover and moderated temperatures. The minimal seasonal variation in ETo (309 to 338 mm) compared to the substantial rainfall variability (138 to 393 mm) has significant implications for the climatic water balance.
Analyzing the difference between rainfall and ETo provides insights into periods of water surplus and deficit. Generally, during the Kiremt season, the high rainfall amounts likely lead to a water surplus in many parts of the country, particularly in the west. However, given the relatively high ETo even during this season, the magnitude and duration of this surplus would vary regionally. In contrast, the Bega season is likely characterized by a significant water deficit across most of Ethiopia due to low rainfall and sustained ETo. The Belg season presents a more complex picture, with significant rainfall but also relatively high ETo, suggesting that water availability during this period is crucial for rain-fed agriculture and sensitive to inter-annual variability. The spatial variations in rainfall and ETo (Fig. 2 & 3) further emphasize that the climatic water balance will differ considerably across the Ethiopian basins, influencing vegetation patterns, agricultural suitability, and water resource management strategies. Regions with consistently higher rainfall than ETo are likely to have more available water resources, while those with the opposite face greater challenges related to water scarcity.
4.1.2 Climatology of Climatic Water Balance in Ethiopia
The annual, seasonal, and monthly rainfall and evapotranspiration values, as well as the methods used in this study, which are the basis for Climatic Water Balance (CWB) analysis, are generally in agreement with previous studies (e.g., Abraham et al., 2021; Dalle et al., 2023; Mengistu et al., 2023; Workneh et al., 2025; Mekoya & Workneh, 2024; Abegaz & Mekoya, 2020; Mekoya & Molla, 2024; Mekoya, 2020a; Mekoya et al., 2024; Mekoya, 2020b; Mekoya, 2019; Mekoya, 2021). The rainfall minus evapotranspiration analysis reveals a mean annual CWB of -185 mm across Ethiopia during the period 1980-2021 (Fig. 6, Table 6), indicating a general tendency towards water deficit when considering the overall atmospheric demand exceeding rainfall inputs. However, the wide range in annual CWB across the 392 grid points, from -991 to 1448 mm (Fig. 5), indicates the significant spatial heterogeneity in water availability across the country. Similarly, the seasonal CWB range (-351 to 1029 mm) highlights the variability in water balance throughout the year, with some regions experiencing substantial surpluses during certain seasons while facing deficits in others.
The annual mean CWB spatial distribution (Fig. 5) clearly illustrates that most of Ethiopia, with the notable exceptions of some western and central areas, experiences a net negative water balance. This spatial pattern is largely a reflection of the interplay between the rainfall distribution discussed earlier (Fig. 2) and the relatively consistent but high evapotranspiration rates (Fig. 3). The western and central regions with positive CWB likely benefit from higher annual rainfall totals that exceed the atmospheric water demand, at least on average.
The negative mean annual and seasonal (except Kiremt) CWB for Ethiopia as a whole (Fig. 6) suggests that water scarcity is a significant concern for many parts of the country for a considerable portion of the year. The Kiremt season's positive mean CWB is crucial as it represents the primary period of water recharge and availability for agriculture and other water-dependent sectors.
The basin-level analysis (Table 6) further clarifies the regional variations in water balance. The fact that only four out of the twelve basins (Baro-Akobo, Omo-Gibe, Abbay, and Rift Valley) exhibited a positive annual CWB highlights the uneven distribution of water resources. These basins, particularly those in the western highlands (Baro-Akobo, Abbay, and Omo-Gibe), generally receive higher rainfall, leading to a surplus after accounting for evapotranspiration. The positive CWB in parts of the Rift Valley basin might be attributed to specific hydrological characteristics or localized high rainfall areas within the basin.
The monthly CWB dynamics (Fig. 6) provide a more granular view of water availability throughout the year. The increase in CWB from January to May likely corresponds to the onset and progression of the Belg rains, which, while smaller than Kiremt, contribute to reducing water deficits. The decline from May to June is not clear. The subsequent rise from June to August aligns with the peak rainfall during the Kiremt season, leading to the most significant water surplus of the year. The gradual decrease in CWB from August to December reflects the receding/ cessation of Kiremt rains and the persistence of evapotranspiration, eventually leading back to water deficit conditions during the Bega dry season.
Thus, the climatic water balance climatology indicates the spatial and temporal vulnerability of Ethiopia to water stress. While some western and central regions and the Kiremt season experience periods of water surplus, much of the country and most of the year is characterized by a negative water balance. These findings have critical implications for water resource management, agricultural (forestry) planning, for Climate-Influenced Public Health Issues, and understanding the potential impacts of climate change on water availability in Ethiopia. Strategies for water conservation, efficient irrigation, and rainwater harvesting are particularly important in regions and seasons with negative CWB.
4.2. Trend of Rainfall, Evapotranspiration, and Climatic Water Balance
4.2.1 Spatiotemporal Changes in Rainfall and Evapotranspiration of Ethiopia
The analysis of long-term trends from 1980 to 2021 reveals a complex pattern of changes in both rainfall and reference evapotranspiration (ETo) across Ethiopia and its twelve basins. Notably, at the national level, both annual rainfall and ETo have significantly increased, by 2.01 mm/year and 0.40 mm/year, respectively (Table 6 and Table 7). This overall increase in rainfall is a crucial finding, although its spatial distribution is far from uniform (Fig. 7). The predominance of positive annual rainfall trends across most basins is encouraging for water resources in many parts of Ethiopia. The significant increasing trends observed in basins like Rift Valley (5.77 mm/year) suggest potentially greater water availability over time in these regions. However, the non-significant decreasing trends in annual rainfall in the Denakil, Mereb-Gash, and Aysha basins, particularly in some parts of their areas (Fig. 7), raise concerns about increasing water scarcity in these already arid and semi-arid environments. The non-significant increasing trends in the Awash, Tekeze, Baro-Akobo, and much of the Abbay basins indicate a degree of stability or a slow increase in annual rainfall in these important hydrological regions. The seasonal rainfall trends (Table 6 and Fig. 7) provide a more nuanced picture. The general increase in rainfall across most of Ethiopia during the Bega and Kiremt seasons aligns with the overall positive annual trend. However, the decreasing rainfall trends observed in the northern half of Ethiopia during the Belg season warrant further investigation, as this season is critical for agriculture, particularly in much bi-modal rainfall receiving areas. These regional and seasonal variations in rainfall trends have significant implications for agricultural productivity, water management, and adaptation strategies. 
The significantly increasing annual rainfall trends in Ethiopia, particularly in the Wabi Shebele, Genale-Dawa, Omo-Gibe, Ogaden, and Rift Valley basins (Table 6) will likely continue to increase; atmospheric circulations and specific underlying factors might have driven them. This is supported by Toni et al. (2022); they found that the annual rainfall trend in most semi-arid areas in eastern Ethiopia had a non-significant decreasing trend while significantly increasing and decreasing trends were detected in the Kiremt and Belg seasons. In another study conducted in western Amhara from 1991 to 2020 using innovative trend analysis (ITA), the rainfall trend showed significant clusters and increasing trends in annual and Kiremt; however, a decreasing trend was exhibited in Bega (Asaye et al., 2025). In another study, Mekoya et al. (2024) showed that the trend of rainfall in Amhara during 1980 to 2020 was mostly increasing in annual and Kiremt; mostly decreasing in Belg; and abrupt in Bega. In contrast, Dalle et al. (2023) found a significantly decreasing rainfall amount in the Wolaita zone located in the southern part of Ethiopia. Similarly, in the southern part of Ethiopia in the Borena zone, which has a bimodal rainfall distribution with the highest peak in October and the second higher peak in May, the rainfall from 1991 to 2020 decreased significantly (Fanta et al., 2025).  
In contrast to rainfall, annual and seasonal ETo showed predominantly increasing trends across Ethiopia and its basins (Table 7 and Fig. 8) which aligned with the current comprehensive study of the changes in ETo over Ethiopia by Workneh et al. (2025). These increases were generally statistically significant and covered wider geographical areas compared to the significant rainfall trends (Fig. 7 and Fig. 8). This widespread increase in atmospheric water demand could potentially offset the benefits of increasing rainfall in some regions, leading to increased water stress if the rise in rainfall is not substantial enough to meet the higher evaporative demand. The only exception to this increasing ETo trend was observed in the Ogaden basin during the Belg and Kiremt seasons, where non-significant decreases were noted. The reasons for this localized deviation from the general increasing trend in ETo in the Ogaden basin would require further investigation.
The observation that ETo is increasing significantly over wider areas than rainfall suggests a potential shift towards a more water-limited environment in many parts of Ethiopia, even where rainfall is also increasing. This could be driven by factors such as rising temperatures, changes in humidity, and increased solar radiation, all of which can enhance evapotranspiration rates (IPCC, 2021; Allen et al., 1998). The relatively high rainfall and ETo values observed in Ethiopia during the most recent twelve years (2010 to 2021) compared to the earlier part of the study period (Fig. 9) could indicate a period of intensified hydrological activity. However, it is important to consider whether these recent high values represent a long-term shift or are part of natural inter-decadal variability.
In summary, the spatiotemporal trends in rainfall and ETo in Ethiopia from 1980 to 2021 reveal a complex and regionally differentiated pattern of change. While annual rainfall is generally increasing, significant decreases are observed in some vulnerable regions. Importantly, ETo is increasing across most of the country, often significantly and over wider areas than rainfall, potentially exacerbating water stress. These findings show the need for localized and season-specific water management strategies and further research to understand the underlying drivers of these trends and their potential impacts on various sectors in Ethiopia.
4.2.2 Spatiotemporal Changes in Climatic Water Balance of Ethiopia
The analysis of the Climatic Water Balance (CWB) trends across Ethiopia from 1980 to 2021 (Fig. 10, Table 6) reveals patterns that generally mirror the observed rainfall trends (Fig. 7). The dominance of increasing trends in annual and seasonal (Bega and Kiremt) CWB across much of Ethiopia suggests a potential improvement in overall water balance in these regions over the study period. Conversely, the prevalence of decreasing CWB trends during the Belg season, particularly in the northern half of the country, indicates a growing water deficit during this crucial agricultural period.
The significant increasing trends in annual and Bega CWB in most parts of southern Ethiopia (Fig. 10) are noteworthy. This suggests a potential increase in water surplus or a reduction in water deficit in these areas, which could have positive implications for agriculture and water resources. In contrast, the significant decreasing trend in Belg CWB in northern Ethiopia raises concerns about increasing water stress during this season, potentially impacting rain-fed agriculture and overall water availability.
The relationship between mean monthly rainfall and ETo (Fig. 4) provides further context to the annual CWB of -185 mm (Fig. 6, Table 6). The periods where rainfall exceeds ETo, primarily during the Kiremt season and partially in April and May (Belg), indicate a surplus of moisture or a positive CWB. This surplus during the main cultivation season is beneficial for various water-dependent activities. However, as you pointed out, it can also contribute to flood risks, necessitating effective water management strategies.
Conversely, the negative annual mean CWB, along with the negative CWB during the Bega and Belg seasons (Fig. 6), and the seven months where ETo exceeds rainfall (October to March and June), highlight the extended periods of water deficit experienced in Ethiopia. These deficits can severely impact agricultural yields, reduce soil moisture, and hinder groundwater recharge, which is a vital water source for a significant portion of the population. The seven months of water deficit period poses a significant challenge to sustainable development and necessitates strategies for water conservation and efficient use.
The basin-level analysis of CWB trends (Table 6) reveals considerable regional variations. The basins with positive annual CWB (Baro-Akobo, Omo-Gibe, Abbay, and Rift Valley) generally show positive trends, suggesting a potential increase in their water surplus over time, although the significance of these trends varies. The basins with negative annual CWB, on the other hand, exhibit mixed trends. Some show increasing CWB (e.g., Wabi-Shebele, Genale-Dawa, Ogaden), potentially indicating a slight improvement in their water balance, while others show decreasing CWB (e.g., Denakil, Mereb-Gash, Aysha), suggesting a worsening of their water deficit. The Awash and Tekeze basins show relatively small and non-significant increases in annual CWB.
The contrasting seasonal CWB trends across basins are also important. For instance, while the Abbay and Tekeze basins show significant increasing trends in Kiremt CWB (the wet season), indicating a growing water surplus, they also exhibit decreasing trends in Belg CWB. Similarly, the Denakil, Mereb-Gash, and Aysha basins, which already experience water deficits, show decreasing trends in Belg CWB, potentially exacerbating their vulnerability.
In conclusion, the spatiotemporal changes in Ethiopia's climatic water balance reveal a complex pattern of both increasing and decreasing water availability across different regions and seasons. While some areas, particularly in the south and during the Kiremt season in several basins, show trends towards a more positive water balance, other regions, especially during the Belg season in the north, have been experiencing increasing water deficits. These findings suggest the critical need for regionally tailored water management strategies to mitigate the negative impacts of water deficits and to manage potential water surpluses effectively. Further research should focus on understanding the drivers of these CWB trends and their implications for various sectors, including agriculture, forestry, Health Impacts of Climate-Sensitive Diseases, water resources, and ecosystem health.
4.3. Variability of Rainfall, Evapotranspiration, and Climatic Water Balance
4.3.1 Spatiotemporal Rainfall and Evapotranspiration Variability in Ethiopia
The analysis of spatiotemporal variability in rainfall and reference evapotranspiration (ETo) across Ethiopia reveals significant insights into the region's hydroclimatic dynamics. Our findings indicate a considerable range in the coefficient of variation (CV) for both annual and seasonal rainfall, highlighting the heterogeneous nature of rainfall patterns across the country. Specifically, the mean annual rainfall CV of 16.2% (ranging from 7.5 to 32.2%) indicates the spatial differences in rainfall reliability, with some regions or basins experiencing substantially more consistent rainfall than others. This aligns with previous studies that have documented the diverse climate zones within Ethiopia, influenced by factors such as topography, latitude, and proximity to moisture sources (Bewket & Conway, 2007; Jury, 2024; Funk et al., 2015).
The higher rainfall variability observed during the Bega (dry) season (mean CV of 45.5%) compared to the Kiremt (main rainy) season (mean CV of 21.9%) is consistent with the understanding of tropical rainfall regimes. Dry seasons are inherently more prone to erratic and less frequent rainfall events, leading to greater relative variability (Abegaz & Mekoya, 2020; Bewket & Conway, 2007; Sewagegn, 2024). The Denakil basin's exceptionally high rainfall variability (67.8%) likely reflects its arid to semi-arid environment, where even small deviations in rainfall can result in large percentage changes. Conversely, the lower variability in the Mereb-Gash basin (8.5%) suggests a more stable rainfall regime, potentially influenced by its geographical location and prevailing atmospheric circulation patterns.
In contrast to rainfall, the variability in annual and seasonal ETo was markedly lower (ranging from 0.7 to 3.1%). This relative stability of ETo is expected, as it is primarily driven by more consistent factors such as solar radiation, temperature, humidity, and wind speed, which tend to exhibit less spatial and temporal fluctuation compared to rainfall, especially at larger scales (Allen et al., 1998). The minimal annual ETo variability across most of Ethiopia suggests a relatively consistent atmospheric evaporative demand throughout the year.
The analysis of the Standardized Rainfall Anomaly (SRA) further highlights the inter-annual climate variability experienced in Ethiopia. The identification of nine years characterized by moderate to extreme dry conditions and nine years with moderate to extreme wet conditions over more than 50% of the country during the 42-year study period underscores the significant hydroclimatic risks faced by the nation. These findings are consistent with reports of recurring droughts and floods in Ethiopia, which have substantial impacts on agriculture, water resources, and livelihoods (Funk et al., 2014; Funk et al., 2015; Ware et al., 2023). The prevalence of normal conditions in the remaining 24 years indicates a baseline climate punctuated by these extreme events, emphasizing the importance of understanding and predicting these anomalies for effective adaptation and mitigation strategies.
The observed spatiotemporal patterns of rainfall and ETo variability have critical implications for water resource management, agricultural planning, and climate change adaptation in Ethiopia. The high rainfall variability in many regions necessitates the development of robust water storage and management strategies to buffer against dry spells and ensure water availability during critical periods. Similarly, understanding the inter-annual variability and the occurrence of extreme dry and wet years is crucial for developing climate-resilient agricultural practices and early warning systems. Further research could explore the underlying drivers of these variabilities, including teleconnections with large-scale climate patterns and the potential impacts of climate change on these trends. 
The three months, June to August, mean sea surface temperature anomalies in the Pacific Ocean Niño 3.4 region (5oN-5oS, 120o-170oW) showed that 1985, 1988, 1998, 1999, 2000, 2007, 2010, and 2011 were La Nina years while 1982, 1987, 1991, 1997, 2002, 2004, 2009, and 2015 were El Niño years (NOAA, 2025). In Kiremt (June–September),  La Niña years often bring above-average rainfall to western and central Ethiopia, sometimes causing floods. In Belg (February–May), these same years may lead to below-average rainfall in eastern and southern Ethiopia, which can cause drought. For example, the review result by Mamo et al. (2019) demonstrated that many flooding events or wet climate extremes occurred during La Niña such as in 1988, 1996, 1998, 2006, 2010, 2012, and 2016. 
4.3.2 Spatiotemporal Variability in Climatic Water Balance of Ethiopia
The variability in the Climatic Water Balance (CWB) across Ethiopia, both annually and seasonally, is generally higher compared to that of rainfall and evapotranspiration (ETo). This heightened variability is particularly evident in the Belg season, which exhibits the highest mean Coefficient of Variation (CV) at 127.9% (Fig. 14), followed by the Bega season (97.2%), while the Kiremt season shows the lowest mean CV (77.9%). This suggests that the water balance is most unpredictable during the Belg season, likely due to the transitional nature of this period between the dry Bega and the wet Kiremt, making it more susceptible to fluctuations in rainfall and ETo. The relatively lower variability during the Kiremt season might be attributed to the more consistent and substantial rainfall during this period across much of the country.
At the basin level (Table 7), the highest annual CWB variability was found in the Wabe-Shebele basin (276.7%) and the lowest in the Aysha basin (8.9%). This significant difference in variability across basins likely reflects the distinct hydroclimatic regimes and the interplay of rainfall and ETo patterns within each basin. Aligned with a study by Toni et al. (2022) who also found high rainfall variability in the Wabe-Shebele basin, the high ETo variability in the Wabe-Shebele basin could indicate a region where the balance between water supply and demand is particularly sensitive to inter-annual fluctuations. Conversely, the low variability in the Aysha basin might suggest a more stable, albeit potentially consistently water-stressed, environment.
Spatially, the annual CWB variability (Fig. 14) is lower (CV ≤ 23%) in the eastern half tips (southeast and northeast) of Ethiopia, while higher variability (CV > 23%) is observed in the central and parts of the northwest and southwest. The lower variability in the eastern tips is often characterized by arid and semi-arid conditions with generally low and somewhat consistent water deficits. The higher variability in the central, northwest, and southwest regions, which experience more dynamic rainfall patterns and potentially more balanced water budgets, could lead to greater fluctuations in the CWB from year to year. 
The finding that seasonal CWB variability is highest in the Belg season compared to the Bega and Kiremt seasons reinforces the idea that the Belg season is a period of greater hydro-climatic uncertainty. This has significant implications for agricultural planning and water resource management, as the reliability of water availability during this crucial growing season can be highly variable.
In conclusion, the spatiotemporal variability analysis of the CWB highlights the dynamic nature of water availability across Ethiopia. The high variability, particularly during the Belg season and in certain basins like Wabe-Shebele, underscores the challenges in water resource management and the need for robust adaptation strategies to cope with hydro-climatic uncertainty. The spatial patterns of CWB variability provide valuable insights into regions that are more prone to fluctuations in water balance, which can inform targeted interventions and risk management strategies. Further research could explore the drivers of this variability, including the influence of large-scale climate patterns and local environmental factors.
4.4. Implications for Ethiopian for Public Health and Climate Sensitive Disease Dynamics
4.4.1 Significance of the Research for Understanding Climate-Driven Disease Patterns in Ethiopia
The analysis reveals strong spatial contrasts in rainfall, evapotranspiration, and climatic water balance across Ethiopia, with rising annual and Kiremt rainfall in the Abbay, Baro–Akobo, Omo–Gibe, and Rift Valley basins heightening the risk of climate-sensitive diseases. Intensifying rainfall and humidity enlarge habitats for mosquito and snail vectors, driving higher transmission of malaria, dengue, and schistosomiasis. Studies consistently support these links: rainfall increases were associated with higher malaria incidence in southern Ethiopia (Dabaro et al., 2021), and long-term assessments in Gambella showed parallel rises in rainfall, humidity, and malaria cases. Nationwide analyses also confirm peak malaria transmission during the rainy and humid season, while cholera and dysentery rise with rainfall variability (Simegn et al., 2024). Heavy Kiremt rainfall further drives surface-water contamination, a major factor in cholera outbreaks identified through Bayesian modeling and early-warning assessments (Letta et al., 2022).
These hydro climatic shifts have widespread implications for disease dynamics. Increasing rainfall and warmer conditions in the major basins are projected to expand habitats for malaria, dengue, and schistosomiasis vectors, consistent with long-term trends in Gambella (Dereje et al., 2025) and modelling evidence showing strong rainfall and temperature effects on Aedes mosquitoes (Mekuriaw et al., 2022). Field investigations during the 2019 Afar dengue outbreak also linked rainfall-driven container availability with case incidence. Changes in rainfall patterns support the spread of snail hosts, with regional evidence of elevated schistosomiasis in Rift Valley and lake-basin settings (Tadesse et al., 2021) and broader sub-Saharan studies reinforcing these patterns (McCreesh & Booth, 2013). At the same time, intensified rainfall and flooding increase contamination risks and diarrheal disease burdens, as shown by studies documenting sanitation failures, high diarrheal prevalence in flood-affected districts (Wondimu et al., 2024), and positive associations between rainfall, water contamination, and diarrheal episodes (Ayele et al., 2022). Overall, rising rainfall in key basins is likely to amplify both vector-borne and water-borne diseases, underscoring the need for improved water management, resilient sanitation systems, and targeted vector control aligned with climate projections.
Regions experiencing sustained declines in rainfall and increasingly negative climatic water balance particularly the Denakil, Mereb–Gash, and Aysha basins are confronting escalating public-health risks associated with chronic water scarcity. Recurrent droughts in these arid and semi-arid landscapes intensify food insecurity, malnutrition, and dietary insufficiency, as noted in assessments of drought-affected Ethiopian communities (Gebremeskel et al., 2021; Hadgu et al., 2023). Limited water availability forces many households to depend on unsafe water sources, heightening exposure to water-borne diseases; evidence from northeastern Ethiopia indicates greater diarrheal prevalence and increased microbial contamination during prolonged dry spells (Asfaw et al., 2020). Compounding these challenges, extreme heat amplified by reduced rainfall contributes to heat stress and acute respiratory symptoms in dusty lowland environments (Feyisa et al., 2022). These conditions highlight the need for climate-resilient water-supply systems, strengthened nutrition programs, and targeted heat-adaptation strategies in drought-prone basins.
Declines in Belg rainfall across northern Ethiopia similarly pose significant risks to food security and maternal–child health. Reductions in early-season precipitation are closely linked to crop failure, diminished food diversity, and prolonged hunger periods, disproportionately affecting children, pregnant women, and other vulnerable populations (Demissie et al., 2024; Viste et al., 2013). Altered rainfall timing may also shift disease seasonality: suppressed early rains can influence mosquito breeding habitats and modify malaria transmission dynamics, while delayed replenishment of water sources may extend or postpone outbreaks of water-borne illnesses (Alemu et al., 2011; Debebe et al., 2020). Together, these climatic shifts emphasize the importance of integrated food-security planning and climate-sensitive health surveillance systems in northern Ethiopia.
Rising potential evapotranspiration (ETo) across much of Ethiopia intensifies atmospheric dryness and thermal stress, contributing to higher risks of dehydration, heat exhaustion, heatstroke, and cardiovascular strain, particularly among outdoor workers and urban populations experiencing elevated temperatures. Empirical evidence from East Africa indicates that increasing temperatures and evaporative demand are closely associated with heightened heat-related morbidity and mortality (Wang et al., 2023; Wondimagegn et al., 2022). Elevated ETo also places additional strain on already limited freshwater resources, indirectly influencing sanitation and hygiene. Studies in drought-prone areas show that declining water availability leads to reduced hygiene practices and greater reliance on unsafe water sources, resulting in increased diarrhea disease incidence (Asfaw et al., 2020).
High inter-annual variability in rainfall further amplifies climate-sensitive health risks. Years with anomalously high precipitation can increase the burden of vector-borne and water-borne diseases; for example, unusually wet conditions have been linked to malaria epidemics and acute watery diarrhea outbreaks across multiple regions of Ethiopia (Alemu et al., 2011; Debebe et al., 2020). Conversely, dry years exacerbate malnutrition, psychosocial stress, and water scarcity. Evidence from drought-affected areas consistently identifies food insecurity as a major driver of under nutrition and adverse maternal–child health outcomes (Gebremeskel et al., 2021; Hadgu et al., 2023). These contrasting risks underscore the need for climate-based early warning systems, strengthened disease surveillance, and flexible public health strategies capable of responding to rapid hydro climatic fluctuations.
Overall, the findings highlight the importance of systematically integrating hydro climatic information including rainfall variability, ETo dynamics, and basin-level water balance into public health planning and disease prevention. Developing basin-specific health adaptation frameworks will be essential for managing climate-related health risks, particularly in regions experiencing significant water stress or extreme rainfall variability. Key priorities include expanding water and sanitation infrastructure, enhancing vector control, addressing nutrition insecurity, and improving the resilience of health systems to climatic extremes. Future research should focus on quantifying relationships between hydro climatic variability and disease patterns across Ethiopia’s diverse climatic zones to inform early warning systems and long-term adaptation strategies.
4.4.2 Limitations of the study 
The main limitations of this study arise from relying on spatially averaged data to characterize basin-scale conditions. Although this approach offers a general perspective, it can obscure important small-scale variability that may matter for localized evaluations. In addition, the analysis centers on reference evapotranspiration, which reflects the atmospheric demand over a standardized, well-watered grass surface. Actual evapotranspiration, however, varies across land cover types and depends on soil moisture, meaning that real water balance conditions can differ from the reference-based estimates. Future work could be strengthened by incorporating higher-resolution climate inputs (for example, datasets derived from at least 600 stations or dense gridded products across Ethiopia), integrating actual evapotranspiration estimates from remote sensing or land surface modeling, and examining how year-to-year variability and long-term climate shifts influence water balance dynamics. Assessing the occurrence and severity of extreme rainfall events would also improve understanding of the country’s hydroclimatic vulnerabilities.
The extremely wide range of annual CWB coefficient of variation values from roughly 4% up to more than 2000% should be interpreted with caution. These values may be affected by the chosen calculation method, particularly the use of absolute CWB magnitudes when computing mean CV to avoid negative values. This procedure can artificially inflate variability in areas where mean CWB is close to zero, producing disproportionately large percentage variations.
5. Conclusions and Recommendations 
5.1 Conclusions 
This study establishes important reference points for understanding how rainfall, reference evapotranspiration, and climatic water balance vary across space and time in Ethiopia, along with their implications for climate-sensitive public health concerns. The detailed assessment of hydroclimatic conditions from 1980 to 2021 offers essential insights for addressing the evolving challenges and opportunities within the health sector. Marked spatial differences in baseline rainfall and water balance underscore the need to adopt region-specific health and disease-prevention strategies. The widespread rise in evapotranspiration across the country further highlights the urgency of promoting water-efficient practices and climate-informed disease management to maintain adequate moisture conditions.
In addition to spatial differences, the observed temporal trends and natural variability of hydroclimatic indicators carry major implications for long-term climate-related disease control. The more extensive and significant increase in evapotranspiration compared with rainfall along with declining rainfall during the Belg season in some northern areas points to a heightened risk of water stress in already fragile regions. Considerable year-to-year fluctuations in rainfall and water balance also reinforce the importance of adaptive, climate-aware health planning. Overall, the findings stress the value of systematically incorporating hydroclimatic information including rainfall variability, ETo behavior, and basin-level water balance into public health decision-making and disease prevention efforts.
Developing basin-specific health adaptation frameworks will be crucial for managing climate-related health risks, especially in areas facing severe water shortages or extreme rainfall variability. Priority actions include expanding water and sanitation infrastructure, strengthening vector-control programs, addressing nutrition-related vulnerabilities, and improving the resilience of health systems to climatic extremes. Future studies should aim to quantify how hydroclimatic variability influences disease patterns across Ethiopia’s diverse climate zones to support effective early-warning systems and long-term adaptation planning.
5.2 Recommendations 
A focused investigation into Ethiopia’s hydro-climatic variability is essential for strengthening public health preparedness in the face of evolving climate-sensitive disease risks. Shifts in rainfall patterns, potential evapotranspiration (ETo), and climatic water balance (CWB) directly shape ecological conditions that support vector proliferation, influence water and food security, and heighten exposure to heat and hydrological extremes. Given Ethiopia’s diverse climatic zones and substantial reliance on rainfall-driven systems, understanding how these hydro-climatic changes translate into altered disease dynamics is vital. It is recommended that future research prioritize quantifying the causal pathways linking hydro-climatic fluctuations with disease incidence, integrating spatially resolved climate diagnostics with epidemiological data. Such work will provide the evidence base needed to guide region-specific health adaptation strategies, strengthen early-warning systems, and enhance the resilience of vulnerable populations under a changing climate.
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