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Abstract
Climate change is one of the environmental threats around the globe. However, this change is not uniform throughout the 
world, both spatially and temporally. This study, therefore, examined the spatiotemporal (annual and seasonal) variability and 
trends of rainfall and temperature over Ethiopia from 1901 to 2020. Monthly rainfall and temperature (maximum, minimum, 
and mean) data were extracted from the latest version of the Climatic Research Unit (CRU 4.05) dataset. Using long-term 
seasonal rainfall patterns and pixel-based correlation techniques, five homogeneous rainfall zones were identified. The rainfall 
and temperature from CRU were validated using observed data from 235 and 145 meteorological stations, respectively. The 
results revealed that inter-seasonal rainfall and temperature variabilities are more pronounced than interannual variabilities 
in all rainfall zones. Only 19% (215,700  km2) and 3% (33, 900  km2) of the country’s total area experienced statistically 
significant (α = 0.05) decreasing and increasing trends of rainfall, respectively from 1901 to 2020. A statistically significant 
decreasing trend in rainfall with time was observed during the summer in only one zone that received rainfall in all months. 
A precipitation concentration index analysis revealed that the country exhibited a moderate to strongly irregular annual and 
seasonal rainfall distribution, except during the summer when the rainfall distribution was uniform. There was hence a high 
degree of rainfall seasonality throughout the study period. In addition to the devastating 1984 nationwide drought, Ethiopia 
also experienced local droughts for a number of 10 to 20 years. Unlike rainfall, there was a significant (α = 0.05) spatiotem-
poral increasing trend of temperature over the country. The spatial and temporal increasing trend of mean temperature over 
120 years ranged from 0.24oC to 1.92oC and 0.72oC to 1.08oC, respectively. This increasing trend was higher in two zones 
located in the western and northwest parts of Ethiopia and the inflection points occurred after the 1970s in all zones. It is 
noteworthy that the maximum temperature increased at a lower rate than the minimum temperature. The warming trends and 
changes in rainfall patterns are likely to increase the frequency of climate extreme events and impact ecosystem services. 
This study suggests that climate change-sensitive zones require more attention and further study to enhance awareness of 
climate change in Ethiopia and facilitate adaptation to climate change and inform actions to mitigate adverse effects.
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1 Introduction

Climate change in the context of global warming is a serious 
threat to the global environment in the  21st century (IPCC 
2019, 2014). The global temperature in 2019 had increased 
by 1.1 ± 0.1°C since the pre-industrial period (1850–1900), 
and by 0.20 ± 0.08°C compared to the temperature dur-
ing 2011–2015, which is the warmest five-year period on 
record (World Meteorological Organization (WMO) 2019). 
This increase in global temperature has been associated 
with stronger warming of the daily minimum temperature 
(Tmin) than the maximum temperature (Tmax) (Easterling 
et al. 1997). Continental average temperatures typically 
show greater variability than the global mean (IPCC 2014; 
WMO 2020). The continent of Africa is one of the most 
susceptible regions in the world to climate change. The his-
torical climate record for Africa shows warming during the 
 20th century by approximately 0.7°C that has resulted in a 
decrease of precipitation over large portions of the conti-
nent (Desanker 2002). Predictions of climate under differ-
ent emission scenarios have also indicated future warming 
over the continent ranging from 0.2°C to above 0.5°C per 
decade (Woodfine 2009). These warming trends and changes 
in precipitation patterns are likely to increase the occurrence 
of climate extremes such as droughts, floods, and storms 
as well as impact environmental ecosystem services (e.g., 
Berihun et al. 2020; Berihun et al. 2019; Fenta et al. 2017; 
Stojanovic et al. 2022; Woodfine 2009; van der Esch et al. 
2017). Climate change has had a greater impact and extreme 
events have been more frequent in Sub-Saharan Africa (e.g., 
Dai et al. 1998; Degefu et al. 2017; Serdeczny et al. 2017). 
Unlike temperature, the amounts of precipitation in most 
parts of this region are likely to decrease, whereas rainfall 
is expected to become more variable (IPCC 2014; Gebre-
chorkos et al. 2019; Serdeczny et al. 2017; Wainwright et al. 
2019; WMO 2020).

Climate change has been observed since the 1940s in 
Ethiopia, where rain-fed agricultural activity serves as 
the backbone of the economy but is disrupted by frequent 
droughts (e.g., Cheung et al. 2008; Easterling et al. 2000; 
Seleshi and Zanke 2004; Simane et al. 2016; Stojanovic 
et al. 2022; Wagesho et al. 2013). However, the apparent 
change of the climate varies as a function of the spati-
otemporal scale of the analysis and the length of the study 
period (e.g., Cheung et al. 2008; Seleshi and Zanke 2004). 
The average temperature has increased by approximately 
0.2–0.5°C per decade, whereas average annual rainfall over 
the country has remained stable over the last 50 years (e.g., 
Cheung et al. 2008; Jury and Funk 2013). Previous studies 
in different local parts of Ethiopia have reported results 
comparable to those from national studies on spatiotempo-
ral variability and trends in past climates (e.g., Alemayehu 

et al. 2020; Alemu and Bawoke 2020; Asfaw et al. 2018; 
Bekuma et al. 2022; Belay et al. 2021; Conway et al. 2004; 
Habte et al. 2021; Mengistu et al. 2014; Mewded et al. 
2022; Mulugeta et al. 2019; Tekleab et al. 2013). However, 
under local conditions, the spatiotemporal variabilities of 
rainfall and temperature are high and do not reflect large-
scale climate trends (e.g., Asfaw et al. 2018; Conway et al. 
2004; Mengistu et al. 2014; Mewded et al. 2022).

Climate change poses a significant threat to Ethiopia 
because the country lacks the adaptive capacity and resil-
ience of socio-economic systems (Serdeczny et al. 2017). The 
irregular spatiotemporal distribution, variations, and temporal 
trends of climate have affected the food security of the country 
(Conway and Schipper 2011; Simane et al. 2016). Smallholder 
farmers are mostly affected by this problem because of their 
reliance on agricultural activities (e.g., Abeje et al. 2019). 
Long-term spatiotemporal analysis of climate (in terms of dis-
tribution, variability, and trend) is thus profoundly important 
for planning adaptive and mitigative measures for the chal-
lenges posed by climate change. Many previous studies have 
tried to elucidate the spatiotemporal distribution, variability, 
and trends of Ethiopia’s past climate at regional (e.g., Bayable 
et al. 2021; Habte et al. 2021), basin (e.g., Cheung et al. 2008; 
Gurara et al. 2022; Mengistu et al. 2014; Mewded et al. 2022; 
Mulugeta et al. 2019), and watershed scales (e.g., Alemayehu 
et al. 2020; Asfaw et al. 2018; Berihun et al. 2019). However, 
there has been only limited research conducted on a national 
scale insofar as we know. Because the record of rainfall and 
temperature in Ethiopia covers less than 50 years in most parts 
of the country and includes missed and limited observations 
of rainfall and temperature. Given these limitations, previ-
ous national-scale studies have relied on observed rainfall and 
temperature datasets for climate analysis (e.g., Abebe et al. 
2022; Jury and Funk 2013; Korecha and Barnston 2007; 
Seleshi and Zanke 2004). To overcome the spatiotemporal 
limitations of the observed data, recent studies of climate in 
Ethiopia (mainly watershed to regional-scale studies) have 
used different high-resolution satellite and reanalysis rainfall 
and temperature datasets such as the Tropical Rainfall Meas-
uring Mission (TRMM), Climate Hazards Group InfraRed 
Precipitation with Station data (CHIRPS), Global Precipita-
tion Climatology Centre (GPCC), and Climatic Research Unit 
(CRU) for spatiotemporal climate analyses (e.g., Alemu and 
Bawoke 2020; Asfaw et al. 2018; Degefu et al. 2017; Fenta 
et al. 2017; Mulugeta et al. 2019). Unlike the other datasets, 
the CRU dataset (https:// cruda ta. uea. ac. uk/ cru/ data/ hrg/) is 
the only reanalysis dataset that comprises gridded (0.5o × 
0.5o) resolution monthly rainfall and temperature (minimum, 
maximum, and mean) data for more than a century (since 
1901, Harris et al. 2020). Previous studies have also used the 
CRU dataset for different climate applications and long-term 
spatiotemporal climate analysis in Ethiopia (e.g., Asfaw et al. 
2018; Degefu et al. 2017; Dinku et al. 2008; Gurara et al. 

https://crudata.uea.ac.uk/cru/data/hrg/
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2022; Tsidu 2012) and elsewhere (e.g., Ahmed et al. 2019; 
Ayugi et al. 2016; Broman et al. 2020). However, most of 
the studies conducted in Ethiopia have been limited to local 
or basin-scale analysis and have been inconsistent in their 
reporting of the results of climate change. National studies of 
the variability and distribution of rainfall and temperature at 
annual and seasonal timescales would greatly facilitate devis-
ing effective adaptation and mitigation plans for the country. 
Furthermore, it is necessary to predict climate extremes (e.g., 
flood and drought) accurately and to take appropriate adapta-
tion and mitigation measures (e.g., Alhamshry et al. 2019; 
Broman et al. 2020; Seleshi and Camberlin 2006).

To the best of our knowledge, there has been no rigorous 
statistical study of the spatiotemporal variability and trends 
of rainfall and temperature that covers all of Ethiopia and 
could reveal the temporal evolution of rainfall and tempera-
ture over a timeframe longer than a century. The goal of this 
study was, therefore, to explore the spatiotemporal vari-
ability, distribution, and trends of rainfall and temperature 
(minimum, maximum, and mean) in Ethiopia from 1901 to 
2020 by validating the CRU dataset using observed rainfall 
and temperature data collected from 235 and 145 meteoro-
logical stations, respectively. The specific objectives were 
to examine (i) the spatiotemporal variation and distribution 
of seasonal and annual rainfall and temperature patterns; (ii) 
rainfall and temperature trends from 1901 to 2020; and (iii) 
the distribution of seasonal and annual rainfall indices (indi-
ces of precipitation concentration and rainfall anomalies). 

Unlike previous national-scale studies (Conway and Schip-
per 2011; Jury and Funk 2013; Korecha and Barnston 2007; 
Seleshi and Zanke 2004), this study identified five homoge-
neous rainfall zones using long-term (120 years) monthly 
and seasonal (winter, spring, summer, and autumn) rainfall 
patterns and magnitudes extracted from the CRU dataset at 
365 grid points. Most previous national-scale studies have 
focused on specific parts of the country (mainly where rain-
fed agriculture is practiced), have been based on data from 
only a few meteorological stations, and have focused on the 
summer season (e.g., Diro et al. 2011; Korecha and Barn-
ston 2007; Seleshi and Zanke 2004). This study relied on 
robust statistical software such as XLSTAT, R, and Python 
integrated with ArcGIS for the data analyses. We expect that 
the results will contribute to a better understanding of the 
past climate of Ethiopia in different rainfall zones and will 
inform future climate projections as well as adaptation and 
mitigation measures to be taken in response to the changing 
climate and extremes.

2  Research methods

2.1  Study area

The study area (Ethiopia) is in East Africa (Fig. 1) (33–48°E, 
3–15°N) and covers an area of ~1.13 ×  106  km2. Based on 
Digital Elevation Model (DEM) obtained from a 30 m Shuttle 

Fig. 1  Locations and elevation 
map of meteorological stations 
in Ethiopia
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Radar Topography Mission (SRTM), the topography is highly 
variable and consists of a complex of lowlands and highlands 
with elevations ranging from 214 m below sea level in the low-
lands to 4529 m above sea level in the highlands. Ethiopia is in 
the tropical climate zone and lies between the Equator and the 
Tropic of Cancer. The country includes six main agro-ecolog-
ical zones distinguished by their elevations and rainfall (Fenta 
et al. 2021; Hurni 1988). Ethiopia is characterized by large 
spatiotemporal variations in rainfall and temperature (Fazzini 
et al. 2015). The mean annual rainfall ranges from less than 
200 mm to more than 1600 mm in the lowlands and highlands, 
respectively and the temperature is ranging from 50 oC in the 
lowland to 15 oC in the highlands (Fazzini et al. 2015).

Ethiopia has four rainfall seasons: Bega (winter; 
December, January, and February [DJF]), Belg (spring; 
March, April, and May [MAM]), Kiremt (summer; June, 
July, and August [JJA]) and Tseday (autumn; September, 
October, and November [SON]). In most parts of Ethiopia, 
Bega (winter) is the dry season. There is a small amount 
of rainfall in spring, but summer is the main rainy sea-
son. The seasonality of the rainfall is characterized by 
monomodal and bimodal rainfall patterns. These rainfall 
patterns are the most important determinants of the clas-
sification of the homogeneous rainfall zones in Ethiopia.

Ethiopia has the second-largest population in Africa after 
Nigeria (United Nations 2019), and approximately 80% of 
the population of Ethiopia lives in rural areas and depends 
mainly on agricultural activities for sustenance (CSA 2018).

2.2  Data used in the study

Both gridded and observed rainfall and temperature (mini-
mum, maximum, and mean) datasets were used in this study. 
Gridded monthly rainfall and temperature (minimum, maxi-
mum, and mean) data were obtained from the current version 
of the CRU TSv4 dataset with 0.5° × 0.5° resolution from 
1901 to 2020 (120 years; Harris et al. 2020). We selected 
this dataset because of its fine spatial resolution and 120-year 
record length. The dataset was developed from available mete-
orological station data. The availability of data from these sta-
tions varied from 40% (at the start of the  20th century) to 70% 
(middle and second half of the  20th century) of the CRU grid 
cells (Harris et al. 2020). In this study, we used 365 grid points 
(one point from each grid was created by the fishnet tool in 
Arc-GIS environments) to extract the rainfall and temperature 
from the CRU dataset (Fig. 2). Observed daily rainfall and 
temperature data from 1981 to 2014 were obtained from 235 
and 145 meteorological stations, respectively, of the National 
Meteorology Agency of Ethiopia (http:// www. ethio met. gov. 
et/). Prior to utilizing the observed rainfall and temperature 
data, it is crucial to conduct an analysis of its quality, which 
serves as a fundamental step. We used gridded daily rainfall 
(grid resolution of 0.05° × 0.05°) from the CHIRPS dataset 

(Funk et al. 2015) from 1981 to 2014 to fill in missing values 
of observed rainfall. The CRU and CHIRPS datasets have been 
used in a manner similar to the way they were used in this 
study for climate analyses in Ethiopia and East Africa (e.g., 
Asfaw et al. 2018; Degefu et al. 2017; Fenta et al. 2017; Dinku 
et al. 2008; Mulugeta et al. 2019; Tsidu 2012; Wagesho et al. 
2013). Unlike rainfall data, the missing observed monthly 
temperature data were compiled using the arithmetic mean 
method (Subramanya 2008). Moreover, the reliability of data 
recording was assessed to ensure a relatively consistent and 
homogeneous dataset. To achieve homogeneity, it is essential 
that the measurements were consistently collected using the 
same instrumentation, and method, in a consistent environ-
ment, and at the same time and location. Furthermore, outliers, 
which are data points that deviate significantly from the overall 
trend of the recorded data, were identified within the monthly 
rainfall series through a test for high and low outliers. Monthly 
rainfall and temperature data were aggregated using R software 
to create annual and seasonal time series for each rainfall zone 
(Section 2.3). The seasonal time-series data were aggregated 
based on the four climate seasons of Ethiopia.

2.3  Creating homogeneous rainfall zones

Categorizing the climate regions into different clusters based 
on their long-term characteristics can help to minimize poten-
tial uncertainties and facilitate the practical application of the 
results (Wagesho et al. 2013). Similarly, the design rainfall 
estimates of most hydraulic structures have also been based 
on three rainfall regions classified according to the unimodal 
and bimodal rainfall systems (ERA 2013). However, this clas-
sification technique cannot account for region/zone-specific 
rainfall patterns (e.g., Berhanu et al. 2014; Cheung et al. 2008; 
Seleshi and Zanke 2004). In this study, we, therefore, iden-
tified five homogenous rainfall zones (Fig. 2) based on the 
long-term pattern and magnitude of rainfall (monthly and 
seasonal), and we calculated spatial or pixel-based correla-
tions using the following three steps: (1) we analyzed the 
monthly peaks (unimodal or bimodal), the amounts of sea-
sonal rainfall, and patterns of long-term rainfall (hyetograph) 
for 365 grid points and five classes of rainfall (Fig. 2); (2) 
we calculated a pixel-based correlation coefficient (r) using 
long-term monthly rainfall to check the consistency of the 
pixels within each group. We fixed the threshold r value at 
0.6 (satisfactory level), and (3) we moved pixels from one 
zone to a neighboring zone if the r-value of a given pixel was 
less than the threshold value. We carried out this procedure 
in steps until all the r values were equal to or greater than the 
fixed threshold value. Previous studies in Ethiopia have also 
tried to classify rainfall regions into different rainfall zones 
(e.g., Alhamshry et al. 2019; Degefu et al. 2017; Dinku et al. 
2008; Tsidu 2012; Wagesho et al. 2013). However, these stud-
ies have not fully accounted for the amounts and patterns of 

http://www.ethiomet.gov.et/
http://www.ethiomet.gov.et/
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monthly and seasonal long-term rainfall, or they have lacked 
a spatial representation of classified zones.

2.4  Evaluation of CRU dataset

In this study, we compared the CRU dataset (rainfall and 
temperature) against rainfall and temperature (minimum and 
maximum) data recorded at weather stations in five rain-
fall zones on a yearly timescale for the period 1981–2014. 
Zonal average rainfall and temperature data were used to 
evaluate the applicability of the CRU dataset. For rainfall, 
data from 56, 44, 79, 23, and 33 stations were evaluated in 
Zone-1, Zone-2, Zone-3, Zone-4, and Zone-5, respectively. 
For temperature, data from 38, 21, 50, 13, and 23 stations in 
Zone-1, Zone-2, Zone-3, Zone-4, and Zone-5, respectively, 
were likewise used to evaluate the CRU temperature dataset. 
For this purpose, the monthly CRU dataset was extracted for 
each rainfall and temperature station. The average rainfall 
for each rainfall zone was estimated using an area-weighted 
approach. Commonly used statistical measures: the coeffi-
cient of determination (R2) associated with the linear regres-
sion, the mean error (ME), the mean absolute error (MAE), 
the percent bias (PBIAS), and the Nash–Sutcliffe efficiency 
(NSE) were used to evaluate the accuracy of the gridded 
dataset at an annual timescale. This type of evaluation 
approach has been applied in previous climate studies (e.g., 
Ayugi et al. 2016; Cheung et al. 2008; Mewded et al. 2022).

2.5  Climate variability and trend detection

2.5.1  Coefficient of variation (CV)

The interannual and inter-seasonal variability of rainfall and 
temperature data (minimum, maximum, and mean) were 

quantified by the coefficient of variation (CV) at spatial and 
temporal scales. The CVs were calculated using Eq. 1 at 
seasonal and annual scales.

 where σ is the standard deviation and μ is the mean of the 
rainfall or temperature data. Higher CV values indicate a 
higher degree of variability in rainfall and temperature, and 
vice versa.

2.5.2  Spatiotemporal rainfall and temperature trend 
detection

We used Mann–Kendall (MK; Burn 1994) and Pettitt 
(Pettitt 1979) tests to analyze the long-term trends in 
annual, seasonal, and monthly rainfall and temperature 
(minimum, maximum, and mean) time-series data. These 
methods have been widely applied in previous studies 
(e.g., Alemu and Bawoke 2020; Conway et  al. 2004; 
Habte et al. 2021; Mengistu et al. 2014; Tekleab et al. 
2013) to analyze monotonic (increasing or decreasing), 
homogeneous trends in various climate analyses. The sta-
tistical significance of trends was also evaluated using 
these methods.

We also used Sen’s slope estimator to estimate the 
slope of the rainfall and temperature trends. In the case 
of a linear trend, Sen's slope estimator can also be used 
to estimate the magnitude of the monotonic trend as 
follow:

(1)CV =
�

�
× 100

(2)� = median

(

xj − xi

j − i

)

Fig. 2  Rainfall stations and five climate zones of Ethiopia (left) and monthly rainfall in each zone (right) analyzed on the basis of CRU long-
term (1901–2020) monthly rainfall data
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 where β represents the median value of the slopes between 
data measurements xi and xj at time steps i and j (i < j), 
respectively. Compared with linear regression, this method 
has the advantage of limiting the impact of outliers or miss-
ing values on the slope. The temporal and spatial analy-
sis of MK trends were done by using XLSTAT software, 
R and Python packages integrated with ArcGIS 10.4 tool, 
respectively.

2.5.3  Precipitation concentration index (PCI)

PCI (Oliver 1980) was used to estimate the variability or dis-
tribution pattern of annual and seasonal rainfall in different 
rainfall zones. The PCI values were calculated using equa-
tions 3 and 4 at annual and seasonal timescales, respectively.

where P is monthly rainfall during month i. The values of 
PCI and SPCI were assigned to four classes as follows: 1) 
values below 10 indicates a uniform rainfall distribution; 2) 
values of 11–15 indicate a moderate amount of precipitation; 
3) values of 16–20 indicate an irregular distribution; and 
4) values above 20 indicate a highly irregular distribution 
of precipitation throughout the year. This method has been 
applied in previous local and regional studies in Ethiopia 
(e.g., Belay et al. 2021; Fenta et al. 2017).

2.5.4  Standardized precipitation anomaly index (SPI)

As in previous studies in different parts of Ethiopia (e.g., 
Alemayehu et al. 2020; Alemu and Bawoke 2020; Asfaw 
et al. 2018; Bayable et al. 2021; Belay et al. 2021; Fenta 
et al. 2017; Habte et al. 2021; Mengistu et al. 2014), we 
used equation 5 to calculate the spatial and temporal SPI to 
analyze the long-term dry and rainy years in the study area 
at seasonal and annual timescales. We also used the SPI to 
assess the magnitude of drought years.

where Xi stands for the annual rainfall in year i, and X 
and σ are the long-term mean annual rainfall and standard 
deviation over the period of observation, respectively. The 
SPI values were assigned to one of seven classes based on 

(3)PCI =

∑12

i=1
Pi

2

�

∑12

i=1
Pi

�2
× 100

(4)SPCI =

∑3

i=1
Pi

2

�

∑3

i=1
Pi

�2
× 25

(5)SPIi =
Xi − X

�

McKee et al. (1993): Extremely wet (SPI > 2), very wet 
(1.5 > SPI < 2), wet (1.0 > SPI < 1.5), normal (–1 > SPI < 
1), dry (–1 < SPI >–1.5), very dry (–1.5 < SPI > –2), and 
extremely dry (SPI < –2). Negative SPI values indicate a 
drought (deficit years) period, and positive values indicate 
a wet (excess years) period. Long-term seasonal and annual 
temperature anomalies were also calculated for each rainfall 
zone in the study area.

3  Results and discussion

3.1  Validation of CRU dataset across five rainfall 
zones

Fig. 3 shows the results of comparing the extracted CRU 
rainfall and temperature data with gauge-based observation 
data across five rainfall zones. The results showed that the 
monthly CRU rainfall and temperature (Tmin and Tmax) 
data in all rainfall zones were strongly correlated with 
the observed data. The agreement between the CRU and 
observed rainfall data was better in Zone-1, Zone-2, and 
Zone-3 than in Zone-4 and Zone-5 (Fig. 3a). This agree-
ment was evidenced across the rainfall zones by the value 
of R2, which ranged from 0.76 in Zone-4 to 0.95 in Zone-1, 
and the NSE, which ranged from 0.72 in Zone-4 to 0.93 in 
Zone-1. The higher values of R2 and NSE were most likely 
related to the number of stations found in each rainfall zone. 
The greater the number of stations in a rainfall zone, the 
better the agreement between the CRU dataset and observed 
rainfall. Unlike the values of R2 and NSE, the values of ME 
(0.35), MAE (0.35), and PBIAS (0.44) were relatively better 
in Zone-4 than in the other zones (Fig. 3a). The evalua-
tion results also showed that the monthly CRU temperatures 
(Tmin and Tmax) were closely correlated with the corre-
sponding temperature data from stations (Fig. 3b and 3c). 
The fact that the correlation of the CRU data was higher with 
the observed Tmax than the observed Tmin was evidenced 
by all the statistical metrics of correlation in all rainfall 
zones (Fig. 3b and 3c). However, the degree of correlation 
with CRU data was lower for observed temperatures (Tmin 
and Tmax) than for rainfall (Fig. 3). The smaller number of 
temperature stations in comparison to rainfall stations may 
contribute to this phenomenon. Additionally, uncertainty in 
temperature measurement arises from the quality of data 
obtained during the measurement process. Unlike rainfall 
measurement, which can be relatively straightforward, tem-
perature data is predominantly collected manually at most 
stations, making it a more challenging task, and producing 
errors. Moreover, managing the missing data for temperature 
and rainfall is different, which may affect the correlation val-
ues. Unlike other some studies conducted at the watershed 
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and basin scale, the strong correlation between observed 
data and CRU datasets in our study can be attributed to the 
reduction of errors by averaging the data at the zonal level. 
It is important to note that the comparison was performed 
at the zonal level rather than at individual gauge stations.

A limited number of studies have evaluated gridded 
datasets in Ethiopia, and studies in some parts of Ethiopia 
have reported a strong correlation between CRU data and 
observed rainfall and temperature data (e.g., Degefu et al. 
2017; Dinku et al. 2008; Gurara et al. 2022; Mulugeta 
et al. 2019; Tsidu 2012). However, a study in the Woleka 
subbasin (Zone-1) showed that the observed rainfall and 
temperature data were not significantly correlated with 
the CRU data (e.g., Asfaw et al. 2018). Studies similar to 
ours but carried out elsewhere (e.g., Ahmed et al. 2019; 
Ayugi et al. 2016; Broman et al. 2020; Ongoma and Chen 
2017) have also evaluated the comparability of CRU 
datasets by comparing CRU data with gauged and other 

available gridded data (e.g., GPCC and CHRIPS) for vari-
ability and trend analysis. The weak correlations between 
observed and CRU datasets are most likely attributable 
to the number of gauges and quality of observed data 
(e.g., Asfaw et al. 2018; Dinku et al. 2008; Mulugeta et al. 
2019). Because of the number of uncertainties, the risk 
of using the gridded dataset is much lower than the risk 
of using low-grade observed data (Wagesho et al. 2013).

3.2  Spatial and temporal variability and trend 
of rainfall

3.2.1  Inter‑annual spatial and temporal variability 
and trend of rainfall

The fact that the mean annual rainfall in Ethiopia for the 
last 120 years was 890 mm ±106 mm indicates that there 
has been a high degree of spatial variability of rainfall in 
the country. The rainfall ranged from less than 200 mm 
±80 mm (most of the lowland areas) to greater than 1500 
mm ±125 mm (most of the highland areas) (Fig. 4). Zonal 

Fig. 3  Comparison of monthly CRU rainfall (mm) (a), minimum 
temperature (Tmin, oC) (b), and maximum temperature (Tmax,  oC) 
(c) with gauge data for the five climate zones of Ethiopia during 
1981–2014. N indicates the number of gauge stations in each zone 
that were considered for evaluation

Fig. 3  (continued)
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level analysis has shown that the mean annual rainfall (in 
increasing order) was 540 mm ±80 mm (Zone-4), 560 mm 
±90 mm (Zone-2), 880 mm ±120 mm (Zone-5), 1060 mm 
±110 mm (Zone-1), and 1510 mm ±125 mm (Zone-3). The 
panel in the first row and second column of Fig. 4 shows 
the CV of the rainfall. This CV is a metric of the interan-
nual variability of the annual rainfall in each rainfall zone. 
Most parts of Ethiopia exhibit low interannual variability of 
rainfall (Fig. 4). Moderate interannual variability of annual 
rainfall (CV ~37%) was especially apparent in some parts of 
Zone-2, Zone-4, and Zone-5 (Fig. 4). In contrast, the interan-
nual variations of annual rainfall in regions such as Zone-1, 
Zone-3, and most parts of Zone-2 and Zone-5, which receive 
a high amount of rainfall, were small (CV < 15%; Fig. 4) 
over the study period.

The changes in the annual rainfall in Zone-1, Zone-2, 
Zone-3, and Zone-5 have been dominated by variations in 
June-to-August (JJA) rainfall. Conversely, in Zone-4, the 
variations in March-to-May (MAM) rainfall determine the 
change in the annual rainfall series. Although there have 
been few studies of the variability of annual rainfall over 

Ethiopia, the results of a previous study by Wagesho et al. 
(2013) on spatial variability of annual rainfall over Ethiopia 
agree well with the findings of this study. The variations of 
rainfall across the rainfall zones of Ethiopia are attributed 
mainly to topographic variations. In most of the Ethiopian 
highland regions, topography has a major influence on the 
spatial patterns of rainfall (e.g., Alhamshry et al. 2019; Fenta 
et al. 2017; Stojanovic et al. 2022; Wagesho et al. 2013). In 
other words, the variation in rainfall across rainfall zones 
is closely linked to the sources of moisture in the regions 
(Stojanovic et al. 2022). The source of the rainfall in the 
northeast, southwest, and west (Zone-2, Zone-3, and some 
parts of Zone-4 and Zone-5) is primarily terrestrial mois-
ture (more than 50%), whereas oceanic sources account for 
rainfall in the southeast (parts of Zone-4 and Zone-5) (Sto-
janovic et al. 2022). The Atlantic Multidecadal Oscillation 
(AMO) is also one of the indices associated with changes 
in rainfall patterns (Enfield et al. 2001). The AMO index 
has been strongly associated with the annual rainfall in the 
northern half of Ethiopia, including the upper Blue Nile 
basin (dominantly Zone-1 and Zone-3) during the periods 
1951–1965 and 1996–2000, but the association has been 
weak in the southern region (dominantly Zone-4 and Zone-
5) (Wagesho et al. 2013). The higher value of the CV in 
low-rainfall areas indicates that there is a higher interannual 
variation of rainfall in low-rainfall areas than in high-rainfall 
areas. Because of this high interannual variability, it is dif-
ficult to predict water availability in low-rainfall areas (e.g., 
Asfaw et al. 2018; Fenta et al. 2017).

Results of analyses of spatial trends (Fig. 4) of rainfall 
revealed that only 22% of the area of the country has expe-
rienced both statistically significant (p < 0.05) decreasing 
(about 19%; Zone-1 and Zone-3) and increasing (about 3%; 
Zone-2 and Zone-5) trends of annual rainfall (Table 1). 
However, around 27% and 48% of the area of Ethiopia have 
experienced non-significant decreasing (up to –1.39 mm/
yr) and increasing (up to +1.22 mm/yr) trends, respectively, 
during the period 1901–2020. The greatest of these non-sig-
nificant decreasing trends of annual rainfall were observed 
in Zone-1 and Zone-3. The trend of annual rainfall in most 
areas of Zone-2 and Zone-5 has been increasing but non-sig-
nificant. The area in both of these zones where the trend was 
decreasing but non-significant accounted for only 0.09% of 
the total area of the country during the study period (Fig. 4). 
Unlike other zones, the areas of non-significant decreasing 
and increasing annual rainfall trends in Zone-4 were similar 
and accounted for 17% and 16% of the area of the country, 
respectively (Table 1). Less than 5% of the area of Ethiopia 
has not experienced any decreasing or increasing trends in 
annual rainfall for the last 120 years.

Temporally, the annual rainfall in Zone-1 and Zone-3 
decreased at a non-significant rate of 0.38 mm and 0.52 
mm per year, respectively, whereas the rainfall in Zone-2 

Fig. 3  (continued)
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(0.24 mm), Zone-4 (0.07 mm), and Zone-5 (0.45 mm) 
increased with time during the study period (Fig.  5). 
However, the long-term monotonic trends were not sta-
tistically significant with Zc of −1.30, 1.08, −1.61, 0.29, 
and 1.35 for Zone-1, Zone-2, Zone-3, Zone-4, and Zone-5 
rainfall, respectively (Table 2, Fig. 5). Likewise, the fact 
that annual rainfall was highly homogenous in all rainfall 

zones indicated that annual rainfall did not change signifi-
cantly over the 120 years. Hence, we did not reject the null 
hypotheses of Hoa and Hob for the MK and Pettitt’s tests, 
respectively, for the trends of annual rainfall in all rainfall 
zones (Table 2, Fig. 5).

Despite the statistically significant spatial increasing 
and decreasing trends in some parts of Ethiopia (22% of 

Fig. 4  Spatial distribution of annual rainfall (RF), minimum tempra-
ture (Tmin), maxmumum temperature (Tmax), and average tempra-
ture (Tmean) during the period 1901–2020: mean value (left side), 

coefficient of variation (CV, middle), and trend (rate of change; right 
side). Red outlined areas in the upper right panel represent statistical 
significance areas at α = 0.05
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the area), there were no statistically significant spatiotem-
poral trends of annual rainfall in the country during the 
study period. The spatiotemporal trend results of this study 
were consistent with the results of previous studies (Abebe 
et al. 2022; Alemu and Bawoke 2020; Asfaw et al. 2018; 
Cheung et al. 2008; Gurara et al. 2022; Jury and Funk 
2013; Mengistu et al. 2014; Mulugeta et al. 2019; Tekleab 
et al. 2013; Wagesho et al. 2013). For example, Wage-
sho et al. (2013) reported a significant decreasing trend in 
annual rainfall in the northwestern and western parts of the 
country (Zone-1 and Zone-3), whereas the annual rainfall 
in small areas in the east (Zone-2 and Zone-5) increased 
during the period 1951–2000. However, within 77% of the 
area of Ethiopia (75% reported in this study), there was no 
significant trend of annual rainfall during the study period 
(1951–2000; Wagesho et al. 2013). For example, Abebe 
et al. (2022) have reported non-significant decreasing and 
increasing trends of annual rainfall at 51% and 48% of 43 
stations in the Tekeze River basin; they observed signifi-
cant trends at only four stations. A statistically significant 
trend of annual rainfall has also been reported at quite a 
few stations in the Woleka Subbasin (located in Zone-
1) of Ethiopia (Asfaw et al. 2018). In contrast, even at a 
10% significance level, significant decreasing or increas-
ing trends have not been observed in the Amhara region 
(Alemu and Bawoke 2020). According to Mengistu et al. 
(2014), there was no significant trend in annual rainfall 
in 88% of the upper Blue Nile River basin (most parts of 
Zone-1 and Zone-3) from 1981 to 2010. Other previous 
research results such as those of Tekleab et al. (2013) in 
the upper Blue Nile River basin and Mulugeta et al. (2019) 
in the Awash River basin (most parts of Zone-2 and Zone-
5) have not revealed statistically significant decreasing or 
increasing trends in annual rainfall during the periods of 
study. In general, it is difficult to track trends of annual 
rainfall in Ethiopia because of interannual variability and 
differences in sources of rainfall (e.g., Alhamshry et al. 
2019; Degefu et al. 2017; Korecha and Barnston 2007; 
Mengistu et al. 2014; Seleshi and Zanke 2004).

Table 1  Areal contributions 
of positive and negative trends 
and the statistical significance 
(α = 0.05) thereof in annual 
rainfall for each rainfall zone 
aggregated from spatial 
analysis during the study period 
(1901–2020)

*Negative (decreasing) and **positive (increasing) trends. SA: spatial average; CV: mean coefficient of 
variation

Zone SA CV Annual rainfall trend distribution area contribution

Negative Positive No change Trend @ α = 0.05

(103  km2) % (103  km2) % (103  km2) % (103  km2) %

1 1077.13 14.77 163.62 14.33 58.28 5.1 – 43.73 8.43*
2 556.09 22.44 0.86 0.08 190.36 16.67 – 16.68 3.22*
3 1343.38 11.68 157.83 13.82 430 3.77 – 34.62 6.67*
4 544.60 21.5 196.15 17.18 177.67 15.56 35.73 3.13 14.58 2.48**
5 884.07 17.27 0.12 0.01 118.04 10.34 – 4.18 0.71**
 Total 518.58 45.42 974.35 51.44 35.73 3.13 113.79 21.51

Fig. 5  Trends and changes in annual rainfall in five climate zones 
from 1901 to 2020. The dotted lines indicate the Pettitt test homo-
geneity trend result at a significance level α = 0.05. Red dashed line 
shows the mean value of annual rainfall. The black solid lines indi-
cate Sen’s slope for the trend
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3.2.2  Inter‑seasonal spatial and temporal variability 
and trend of rainfall

The analysis of spatial variability, temporal trends, and the 
percentage contribution of seasonal rainfall [Winter (DJF), 
spring (MAM), summer (JJA), and autumn (SON)] in each 
rainfall zone for 120 years are briefly described here (Figs. 6, 
7, and FS2). The winter season (DJF) includes the driest 
months in Ethiopia and contributed less than 10% of the 
annual rainfall in all rainfall zones (Fig. FS2). Also, the mean 
seasonal rainfall in all zones was lowest during the winter. 
The spatially averaged rainfall ranged from 21 mm ±17 mm 
in Zone-1 to 66 mm ±27 mm in Zone-3. However, the south-
western (most parts of Zone-3 and Zone-5) part of Ethiopia 
received maximum rainfall during the winter (DJF), whereas 
other parts of the country received low rainfall (Fig. 6). The 
southern and southeastern parts of Ethiopia (Zone-4, and 
part of Zone-3 and Zone-5) received maximum rainfall in 
the spring (MAM) (Fig. 6). Zone-4 and Zone-5 have also 
received about 48% and 33%, respectively, of their annual 
rainfall during the spring (Fig. FS2). The average seasonal 
rainfall was minimum (131 mm ±78 mm) in Zone-2 during 

the spring. That amount of rainfall was about twice the maxi-
mum mean seasonal rainfall (66 mm ±27 mm) during the 
winter (DJF) in Zone-3. The spatial distribution of mean 
summer (JJA) rainfall (also called the major rainy season in 
Ethiopia, Fig. 6) was greatest over the highlands of western 
and west-central Ethiopia (Zone-1, Zone-3, and some parts 
of Zone-5), whereas the northeast and southeast (Zone-2, 
and parts of Zone-4 and Zone-5) lowlands were relatively 
dry (Fig. 6). Summer rainfall contributed 65% in Zone-1, 
53% in Zone-2, and 49% in Zone-3 of the total annual rainfall 
(n.b., more than 50% of the summer rainfall occurs during 
July and August). This seasonality clearly showed that rain-
fall was highly concentrated during the summer (Fig. FS2). 
The mean summer rainfall ranged from 62 mm ±80 mm in 
Zone-4 to 700 mm ±150 mm in Zone-1. Autumn rainfall 
(SON) contributed 17% to Zone-2 and 33% to Zone-4 of the 
annual rainfall (Fig. FS2). In addition to MAM rainfall, the 
south and southeastern part of Ethiopia (Zone-4) received 
high rainfall during autumn (SON) (Fig. 6).

Seasonal rainfall was characterized by high interannual 
variability compared to annual rainfall, up to 134% in the 
case of DJF rainfall; the average CV of this season varied 

Table 2  Monotonic trend (Mann–Kendall) test and significant change (Pettitt's homogeneity) test for annual climate variables (Rainfall, Tmin, 
Tmax, and Tmean) from 1901 to 2020 in five rainfall zones of Ethiopia

H
a

0
 is the null hypothesis that there is no monotonic trend in the time series for annual climate variables; Hb

0
 is the null hypothesis that there is 

no significant change in the time series data for annual climate variables (the data are homogeneous). The null hypotheses are accepted (A) or 
rejected (R) at significance level α = 0.05. S: Sen’s slope; CP: change point (inflection point); Lb and Ub: lower and upper bound of Sen’s slope, 
respectively

Climate variable Zone Mann–Kendall test Sen's slope Pettitt's test

Zc P H
a

0
S Lb (95%) Ub (95%) K P CP H

b

0

Rainfall 1 –1.30 0.192 A –0.381 –0.964 0.209 941.00 0.143 ─ A
2 1.08 0.281 A 0.241 –0.219 0.665 810.00 0.329 ─ A
3 –1.61 0.107 A –0.516 –1.171 0.095 1052.00 0.063 ─ A
4 0.29 0.773 A 0.068 –0.363 0.456 805.00 0.337 ─ A
5 1.35 0.176 A 0.451 –0.191 1.100 882.00 0.209 ─ A

Min. Temperature 1 8.03 < 0.0001 R 0.011 0.009 0.013 2889.00 < 0.0001 1975 R
2 6.12 < 0.0001 R 0.007 0.005 0.009 2410.00 < 0.0001 1976 R
3 8.23 < 0.0001 R 0.011 0.009 0.013 3157.00 < 0.0001 1975 R
4 6.51 < 0.0001 R 0.007 0.005 0.009 2383.00 < 0.0001 1975 R
5 6.04 < 0.0001 R 0.006 0.004 0.008 2237.00 < 0.0001 1975 R

Max. Temperature 1 3.24 0.001 R 0.005 0.002 0.009 2084.00 < 0.0001 1996 R
2 2.64 0.008 R 0.004 0.001 0.007 2158.00 < 0.0001 1996 R
3 4.15 < 0.0001 R 0.007 0.004 0.010 2354.00 < 0.0001 1978 R
4 5.28 < 0.0001 R 0.007 0.004 0.009 2154.00 < 0.0001 1994 R
5 3.47 0.001 R 0.004 0.002 0.007 2168.00 < 0.0001 1994 R

Mean Temperature 1 6.03 < 0.0001 R 0.008 0.006 0.011 2625.00 < 0.0001 1975 R
2 5.44 < 0.0001 R 0.006 0.004 0.008 2493.00 < 0.0001 1975 R
3 6.70 < 0.0001 R 0.009 0.007 0.011 3017.00 < 0.0001 1975 R
4 6.52 < 0.0001 R 0.007 0.005 0.008 2200.00 < 0.0001 1986 R
5 5.66 < 0.0001 R 0.006 0.004 0.007 2279.00 < 0.0001 1989 R
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from 48% ±8% in Zone-3 to 71% ±18% in Zone-5 during the 
study period (Fig. 6). The CV of JJA rainfall was compara-
tively small compared to the other seasons (except in Zone-4 
during JJA, when it was as much as 156%); the average CV 
in each rainfall zone was less than 20%, except in Zone-2 
(33%) and Zone-4 (43%). The CV was a maximum in the 
northwestern (part of Zone-1), eastern (parts of Zone-2 and 

Zone-5), and southeastern (part of Zone -4) parts of the coun-
try (Fig. 6) during the winter (DJF rainfall). In MAM, the CV 
of rainfall was a maximum in the eastern (part of Zone-2 and 
-5), northeastern (Zone-2), and northwestern (part of Zone-1) 
parts of Ethiopia. However, in JJA and SON, the CVs were 
highest in the northeastern (part of Zone-4) and eastern (part 
of Zone-2) parts of Ethiopia (Fig. 6).

Fig. 6  Spatial distribution of seasonal rainfall (RF) during the period 
1901–2020: mean value (left side), coefficient of variation (CV, mid-
dle), and trend (rate of change in mm/yr; right side). Blue-coloured 

outlined areas represent statistical significance areas at α = 0.05. DJF, 
December-January-February; MAM, March-April-May; JJA, Jun-
July-August; SON, September-October-November
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Unlike annual rainfall, the CV of seasonal rainfall was 
high. Hence, there was much larger interannual variability 
in seasonal rainfall. This conclusion is consistent with the 
results of previous studies in different parts of Ethiopia, for 
example, Abebe et al. (2022) in the Tekeze-Atbara River 
basin (Zone-1), Asfaw et al. (2018) in Mekaneslam (located 
in Zone-1), Cheung et al. (2008) in 13 watersheds in differ-
ent parts of Ethiopia, Mewded et al. (2022) in Lake Hayk (on 
the border of Zone-1 and Zone-2), and Seleshi and Zanke 
(2004) at 11 meteorological stations throughout Ethiopia 
(all zones). These studies have reported that the variability 
of seasonal rainfall is very low and high during the sum-
mer (JJA) and winter (DJF), respectively. However, the 
summer (JJA) rainfall varies greatly from year to year, both 
in timing and total amount. This great variability may be 
attributed to the variation in direction and magnitude of the 
summer monsoon (Inter-tropical Convergence Zone, ITCZ), 
tropical upper easterlies; local convergence in the Red Sea 
coastal region; and El Niño–Southern Oscillation (ENSO, 
an irregular seasonal variation in winds and sea surface tem-
peratures over the tropical eastern Pacific Ocean) in each 
season (Broman et al. 2020; Conway 2000; Degefu et al. 
2017; Diro et al. 2011; Gleixner et al. 2017; Korecha and 
Barnston 2007; Seleshi and Camberlin 2006). For example, 
summer rainfall has been found to be influenced by ENSO. 
The most significant effects occur over the northern half 
of Ethiopia, but there are no effects in the Ethiopian Rift 
Valley or along the Eastern Escarpment (Zone-2 and Zone-
5) (Conway 2000; Korecha and Barnston 2007). Likewise, 
because of the elevated topographic terrain over the central 
part of Ethiopia, a moisture flux is produced during summer 
(JJA) in most parts of the country because of the movement 
of the low-pressure ITCZ to northern Ethiopia (Conway 
2000; Degefu et al. 2017). Alternatively, during the spring 
(MAM), the meridional arm of the ITCZ produces rainfall 
over southwestern (parts of Zone-3 and Zone-4) Ethiopia 
because of the variation in heat flux between the Indian 
Ocean and the land surface (Degefu et al. 2017). The sum-
mer is very important for agricultural production and major 
societal operations (e.g., hydropower generation, irrigation, 
and drinking water) in most parts of Ethiopia. Farmers may 
be unable to mitigate the negative effects of such climate 
variability on crop production, and high seasonal variability 
in the summer thus leads to crop failures (Abebe et al. 2022; 
Alemu and Bawoke 2020; Korecha and Barnston 2007).

An analysis of the spatial patterns of seasonal rainfall 
from 1901 to 2020 showed decreasing and increasing tempo-
ral trends but with considerable spatial variations (Fig. 6 and 
Table TS1, TS2). As a result, spatially, the seasonal rainfall 
decreased and increased up to –0.66 mm per year in summer 
(JJA) and 1.02 mm per year in spring (MAM), respectively 
(Fig. 6). However, only 9%, 26%, 25%, and 4% of the area of 
the country during winter, spring, summer, and autumn have 

shown both statistically significant (α < 0.05) decreasing and 
increasing trends of seasonal rainfall (Fig. 6 and Table TS1). 
In contrary, during the summer, large areas of the country 
(70% of the area of Ethiopia) experienced a non-significant 
trend of decreasing seasonal rainfall that far exceeded the 
areal contribution of other seasons, which ranges from 35% 
in autumn to 50% in winter over the study period (Table 
TS1). In all seasons except autumn, the real contribution 
of the non-significant spatial trend of decreasing rainfall 
in Zone-4 exceeded the areal contribution of other rainfall 
zones. In contrast, 30% (summer) to 59% (autumn) of the 
area of the country experienced a non-significant trend of 
increasing seasonal rainfall (Table TS1). Compared to other 
rainfall zones, large areas experienced a trend of increasing 
seasonal rainfall in Zone-4 during the winter (4%) and sum-
mer (16%) and in Zone-3 during spring (9%) over the study 
period (Fig. 6 and Table TS1). Generally, unlike annual 
rainfall, more decreasing and increasing trends of seasonal 
rainfall have been observed in all rainfall zones.

The temporal trends in seasonal rainfall shown in Fig. 7 
and Table TS2 indicate a non-significant increase (Zones-1 
and Zone-2), and decrease (Zones-3, Zone-4, and Zone-5) of 
seasonal rainfall during the winter. In the spring, there was 
a non-significant, increasing trend of rainfall in all rainfall 
zones except Zone-3 (Fig. 7). However, during the summer, 
there was a non-significant decreasing trend of rainfall in all 
rainfall zones except Zone-4. Likewise, the seasonal rainfall 
decreased in Zone-1, Zone-2, and Zone-3 and increased in 
Zone-4 and Zone-5 during the autumn (Fig. 7, Table TS2). 
Generally, there was no significant (at α = 0.05) long-term, 
monotonic trend in rainfall, and there was a strong homo-
geneity of seasonal rainfall in all rainfall zones except in 
Zone-3 during the summer (Table TS2). We therefore did 
not reject the null hypotheses for the MK and Pettitt’s tests 
for seasonal rainfall trends in all rainfall zones (Table TS2). 
The fact that there was a significant decreasing trend of 0.37 
mm per year of long-term seasonal rainfall in Zone-3 during 
the summer (JJA) indicated that seasonal rainfall changed 
(the year of the change was 1979) significantly over 120 
years (Fig. 7). Similarly, in all rainfall zones, there were 
significant (at α = 0.05) long-term, monotonic trends not 
apparent in monthly rainfall during all months except April 
(Zone-2), June (Zone-3), and October (Zone-2, Zone-3, and 
Zone-5) (Table TS2).

Statistically non-significant but increasing and decreasing 
trends of seasonal rainfall in this study agreed with those 
found in previous studies conducted in Ethiopia (e.g., Abebe 
et al. 2022; Alemu and Bawoke 2020; Mengistu et al. 2014; 
Mulugeta et al. 2019). For example, a study in the Upper Blue 
Nile basin (part of Zone-2 and Zone-3) by Mengistu et al. 
(2014) revealed statistically non-significant increasing trends 
of rainfall in winter, summer, and spring, whereas rainfall 
trended downward during the autumn. Although significant 
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decreasing and increasing trends of seasonal rainfall was 
apparent in some areas of the study (Fig. 6), our temporal 
trend analyses in different parts of rainfall zones revealed 
that seasonal rainfall did not display any significant changes 
over the study period, except in Zone-3 during the summer 
(Fig. 7). Like our spatial trend analysis results, Wagesho et al. 
(2013) found significant decreasing trends in seasonal rainfall 

from 1951–2000 in northwestern and western parts of Ethio-
pia (corresponding to Zone-1 and Zone-3), whereas seasonal 
rainfall trended upward in a small area in the east (corre-
sponding to Zone-2 and Zone-5). The temporal decreases 
in seasonal rainfall in Zone-3 during the summer (Fig. 7) 
also agreed with a study conducted by Cheung et al. (2008), 
who stated that watersheds located in southwestern Ethiopia 

Fig. 7  Trends and changes in seasonal rainfall in five climate zones of 
Ethiopia from 1901 to 2020. The dashed lines indicate the Pettitt test 
homogeneity trend result at a significance level α = 0.05 and show the 

mean value of seasonal rainfall before and after the inflection point. 
DJF, December-January-February; MAM, March-April-May; JJA, 
Jun-July-August; SON, September-October-November
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(corresponding to Zone-3) experienced a significant decrease 
in summer rainfall. A rainfall variability and trend analysis 
based on 43 selected rainfall stations in the Tekeze-Atbara 
River basin in northwestern Ethiopia by Abebe et al. (2022) 
revealed significant increasing and decreasing trends of rain-
fall in the summer, but those trends were apparent at only 
on three rainfall stations. Another study by Mulugeta et al. 
(2019) in the Awash River basin (part of Zone-2 and Zone-5) 
revealed that the summer rainfall trended downward signifi-
cantly, whereas the trends of winter and spring rainfall were 
not significant from 1902 to 2016. A worldwide review by 
Easterling et al. (2000) has revealed a significant decreasing 
trend of rainfall in the summer (JJA) of 11.6% between 1950 
and 1987 in Ethiopia. It is important to note that comparing 
the results of this study with some previous studies is a bit 
complicated for several different reasons. There is also evi-
dence that contradictions in the results of climate research 
in Ethiopia are associated with data sources, data quality, 
the period of the study, and the spatial extent of the study 
area (e.g., Abebe et al. 2022; Cheung et al. 2008). It is also 
difficult to compare these studies because, to the authors’ 
knowledge, only a limited number of such studies have been 
conducted in Ethiopia on a national scale.

3.2.3  The spatial and temporal pattern of rainfall indices 
across rainfall zones

The long-term PCI spatial analysis results showed that the 
country exhibited moderate (28%), irregular (38%), and 
strongly regular (34%) annual rainfall distributions (Fig. 8). 
The indication was that rainfall was highly seasonal through-
out the year. The most extensive seasonality (highly irregu-
lar annual rainfall distribution) of rainfall was apparent in 
Zone-1 (56% of the area), followed by Zone-2 (46% of the 
area) and Zone-4 (44% of the area) (Fig. 8 and Table TS3). 
However, in Zone-3 and Zone-5, annual rainfall was mod-
erately distributed over more than 70% of the area during 
the study period (Table TS3). In contrast, the SPCI analysis 
revealed that seasonal rainfall was moderately distributed 
(mean SPCI = 10–15, Fig. 8 and Table TS3) over large parts 
of areas that accounted for 56% of Zone-1 to 93% of Zone-3 
in winter (DJF), 59% of Zone-1 to 84% of Zone-3 in spring 
(MAM), 57% of Zone-2 to 92% of Zone-3 in autumn (SON), 
and 94% of the area of Zone-2 during the summer (JJA). In 
contrast, 67%, 100%, and 75% of the areas of Zone-1, Zone-
3, and Zone-5, respectively, were characterized by a uni-
form seasonal rainfall distribution during the summer (JJA) 
(mean SPCI = below 10, Fig. 8 and Table TS3). Strongly 
seasonal, irregular distributions (mean SPCI = above 20) of 
rainfall (~20% of the area) were apparent during the winter 
and summer in Zone-1 and Zone-4, respectively (Fig. 8 and 
Table TS3).

The distribution of rainfall was irregular during 96 and 
79 out of 120 years in Zone-1 and Zone-2, respectively 
(Table 3). Irregular rainfall distribution is often linked to 
climate change, which can alter weather patterns. If climate 
change intensifies, irregular rainfall distribution may become 
more frequent, leading to longer dry spells, more intense 
rainfall events, and increased weather extremes in these 
zones (e.g., Moreno and Møller 2011). In contrast, Zone-3, 
Zone-4, and Zone-5 experienced moderate rainfall distri-
butions during 114, 68, and 115 out of 120 years, respec-
tively (Fig. 9 and Table 3). The distributions of rainfall in 
the remaining years in the three zones were irregular (mean 
SPCI = 15–20, Fig. 9, and Table 3). In all rainfall zones, the 
seasonal distributions of rainfall were uniform and moderate 
during the winter, spring, and autumn (only Zone-3, Zone-4, 
and Zone-5) during more than 100 of the 120 years (Table 4, 
Fig. FS3). Likewise, the seasonal distribution of rainfall was 
uniform in all zones except Zone-2 (which experienced mod-
erate rainfall distributions for 95 years) during the summer 
during 110 years from 1901 to 2020 (Table 4, Fig. FS3). 
The seasonal distribution of rainfall was more temporally 
irregular in Zone-1, Zone-2, and Zone-5 during the winter 
(Table 4, Fig. FS3). The contrasting results obtained from 
PCI and SPCI can be primarily attributed to the amount and 
variability in annual and seasonal rainfall in the study area. 
Moreover, it is worth noting that the variation in rainfall 
among seasons is typically more pronounced than that of 
annual rainfall.

We selected only the top three excess years (1916, 1967, 
and 2019: SPI >1) and three most deficient years (1902, 
1984, and 2002: SPI < –1) for detailed spatial analysis 
(Fig. 10 and Table TS4) based on the distribution of anom-
alies over the rainfall zones. Most of the deficit or excess 
rainfall years were local phenomena. The severe drought 
of 1984 has been regarded as the cause of a widespread 
Ethiopian famine (Fig. 10). There was little rainfall in the 
summer of 1984, and more than 94% of the areas of each 
zone experienced dry (–1 to –1.5) to extremely dry (< –2) 
rainfall conditions (Fig. 10, Table TS4). In that year of 
severe drought, only Zone-1 and Zone-3 (about 30% of the 
area of each zone) experienced normal rainfall (−1< SPI<1, 
Fig. 10, Table TS4). Some parts of rainfall zones were also 
exposed to dry to extremely dry rainfall conditions during 
1902 and 2002. In contrast, rainfall conditions were wet (SPI 
= 1 to 1.5) to extremely wet (> 2) during 1967 in more than 
80% of the area of each rainfall zone (Fig. 10, Table TS4). 
The time series of annual SPI metrics revealed that the num-
ber of excess and deficit years (15 to 20 years, respectively) 
that occurred across the rainfall zones were nearly equal 
(Table 3). With some exceptions, rainfall conditions were 
normal (SPI between –1 and 1) during more than 80 years 
(Fig. 11, Table 3). The highest positive anomalies (SPI = 
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2.8–3.6) occurred in the years 1950 (Zone-1, Zone-2, and 
Zone-3), 1982 (Zone-4), and 1977 (Zone-5). The most nega-
tive anomalies (SPI = –2.0 to –2.4) occurred in 1984 in all 
rainfall zones (Fig. 11).

Both the seasonal and annual SPI values indicated that 
rainfall conditions were normal during more than 80 years in 
all rainfall zones. There were fewer than 20 out of 120 years 
during which there was an excess or deficit of rainfall (Fig. 
FS4 and Table 5). There was a predominance of negative 
anomalies (more deficits) during the winter (DJF) in Zone-1 
and Zone-2, whereas those anomalies occurred mainly in the 
spring (MAM) in Zone-4 and Zone-5 (Table 5 and Fig. FS4). 
Excess rainfall occurred primarily during the winter (Zone-
3), spring (Zone-1 and Zone-3), and autumn (Zone-5). The 
results of this study can be used to complement the non-
significant trends in annual and seasonal rainfall in the study 
area (Figs. 5 and 7). The fact that the number of positive and 
negative seasonal rainfall anomalies exceeded the number of 
annual anomalies suggested that in Ethiopia inter-seasonal 
rainfall variability was higher than annual rainfall variability 

(Figs. 11 and FS4). Given the difference in the frequency of 
occurrence of droughts among rainfall zones, Ethiopia was 
exposed to meteorological droughts for a number of 10 to 
20 years from 1901 to 2020 (Tables 3 and 5). The highest 
positive and negative anomalies occurred in different years 
as a function of the seasons and rainfall zones (Fig. FS4). In 
all rainfall zones except Zone-4, negative anomalies (52% to 
54%) slightly outnumbered positive anomalies (46% to 48%) 
at an annual timescale (Table 5). The percentage of negative 
anomalies exceeded the percentage of positive anomalies 
during all seasons except summer in Zone-5 and autumn in 
Zone-1 and Zone-3 (Fig. FS4 and Table 5). In general, the 
annual and seasonal SPI values reflected the interannual and 
seasonal variations of the distribution of rainfall across the 
rainfall zones of Ethiopia.

The changes that we documented in the distribution of 
rainfall and the occurrence of drought years in Ethiopia 
agreed with previous studies conducted at local and national 
scales in Ethiopia (e.g., Asfaw et al. 2018; Belay et al. 2021; 
Mewded et al. 2022). Those studies have also reported a 

Fig. 8  Spatial distribution of 
the mean annual and seasonal 
precipitation concentration 
index (PCI) during the period 
1901–2020. DJF, December-
January-February; MAM, 
March-April-May; JJA, Jun-
July-August; SON, September-
October-November
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higher percentage of negative anomalies than positive 
anomalies. The drought years have been associated with El 
Niño events and sea surface temperature (e.g., Alhamshry 
et al. 2019; Belay et al. 2021; Bayable et al. 2021; Diro 
et al. 2011; Gleixner et al. 2017). For example, in parts of 
southern Ethiopia (from 1983 to 2016, Belay et al. 2021) and 
eastern Ethiopia (from 1983 to 2019, Bayable et al. 2021), 
the drought and wet years were associated with El Niño 
and La Niña events, respectively. During the 1984 drought 
year, Ethiopia as well as East Africa also suffered from low 
rainfall because of an El Niño event that affected all sea-
sons (Diro et al. 2011; Viste et al. 2013). Moreover, severe 
drought years during the period 1965–2002 corresponded to 

the highest negative rainfall and positive sea surface temper-
ature anomalies reported by Seleshi and Camberlin (2006). 
It is important to note that the positive and negative rainfall 
anomalies are important indicators of water availability for 
planning water resource management in a given area. Incor-
porating this information into water management planning 
will facilitate improved crop production and enhance the 
livelihoods of the people who farm the land.

3.3  Spatiotemporal variability and trend 
of temperature

3.3.1  Inter‑annual spatiotemporal variability and trend 
of temperature

The spatial distribution of Tmin, Tmax, and Tmean of 
Ethiopia ranged from about 4 °C to 25°C, 17°C to 35°C, 
and 11°C to 30°C, respectively from 1901 to 2020 (Fig. 4). 
The spatial averages of Tmin were similar in Zone-1 and 
Zone-3 (14°C±3°C, western Ethiopia) as well as in Zone-2 
and Zone-4 (18°C±5°C, south and east parts of Ethiopia). 
The spatial averages of Tmax (26°C±4°C) and Tmean 
(20°C±4°C) were likewise similar in two rainfall zones 
(Zone-3 and Zone-5) during the study period. The Tmax 
and Tmean were 1°C higher in Zone-1 than in Zone-3 and 
Zone-5. The spatial averages of Tmax (30°C±5°C) and 
Tmean (24°C±3°C) were similar in Zone-2 and Zone-4 
(Fig. 4). The interannual variability of temperature could 
be quantified in terms of the CV of temperature in each rain-
fall zone. The CVs of Tmin, Tmax, and Tmean in Ethio-
pia varied from approximately 1–10%, 7–16%, and 1–4%, 
respectively (Fig. 4). More interannual variability of Tmin 
(CV = ~4%±1%), Tmax (CV = ~11%±1.5%), and Tmean 
(CV = ~2.5%±0.3% except for Zone-5) were observed in 
Zone-1, Zone-3, and Zone-5 during the study period (Table 
TS5). The interannual variability of Tmax has generally 
been high across all rainfall zones, followed by Tmin and 
Tmean (Fig. 4, Table TS5). This pattern indicates that there 
is less variation of temperature at low temperatures than at 
high temperatures.

Unlike annual rainfall, there was a statistically significant 
increasing trend of annual temperature (Tmin, Tmax, and 
Tmean) in all rainfall zones (Fig. 4). From 1901 to 2020, 
Tmin increased significantly by 1.32°C in Zone-1 and 
Zone-3, by 0.84°C in Zone-2 and Zone-4, and by 0.72°C in 
Zone-5. Similarly, from 1901 to 2020 the increases of annual 
Tmax and Tmean in Ethiopia ranged from 1.32°C (Zone-4 
and Zone-5) to 1.80°C (Zone-1) and from 0.72 °C (Zone-
2, Zone-4, and Zone-5) to 1.08°C (Zone-3), respectively 
(Table TS5). Generally, in Ethiopia, the Tmean increased 
by 0.24°C to 1.92°C over the study period (Fig. 4). Like 
the spatial patterns of the temporal trends of temperature, 
the significant (at α = 0.05) monotonic temporal trends in 

Fig. 9  Annual precipitation concentration index (PCI) from 1901 to 
2020 across the five climate zones of Ethiopia
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Table 3  The number of years 
(# Yrs) and their occurrence 
(%) for the annual precipitation 
concentration index (PCI) 
and the standard precipitation 
anomaly index (SPI) for each 
rainfall zone (Zone-1 to Zone-5) 
between 1901 and 2020

Rainfall distribution PCI Zone–1 Zone–2 Zone–3 Zone–4 Zone–5

#Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%)

Uniform below 10 0 0 0 0 0 0 0 0 0 0
Moderate 10 to 15 0 0 32 27 114 95 68 57 115 96
Irregular 15 to 20 96 80 79 66 6 5 51 43 5 4
Strongly irregular above 20 24 20 9 8 0 0 1 1 0 0
Total 120 100 120 100 120 100 120 100 120 100
Classification SPI
Extremely wet above 2 5 4 5 4 5 4 6 5 3 3
Very wet 1.5 to 2 3 3 1 1 3 3 4 3 6 5
Wet 1.0 to 1.5 9 8 9 8 9 8 3 3 11 9
Normal –1.0 to 1.0 85 71 86 72 85 71 92 77 80 67
Dry –1 to –1.5 10 8 13 11 10 8 10 8 16 13
Very dry –1.5 to –2 7 6 3 3 7 6 3 3 3 3
Extremely dry below –2 1 1 3 3 1 1 2 2 1 1
Excess > Normal 17 14 15 13 17 14 13 11 20 17
Deficit < Normal 18 15 19 16 18 15 15 13 20 17

Table 4  The number of years (# Yrs) and their occurrence (%) under different rainfall distributions with the seasonal precipitation concentration 
index (SPCI) in each of five climate zones between 1901 and 2020

DJF, December-January-February; MAM, March-April-May; JJA, Jun-July-August; SON, September-October-November

Rainfall distribution SPCI DJF–1 DJF–2 DJF–3 DJF–4 DJF–5

#Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%)

Uniform < 10 48 40 30 25 51 43 74 62 39 33
Modrate 10 to 15 61 51 67 56 62 52 41 34 55 46
Irregular 15 to 20 11 9 20 17 5 4 4 3 22 18
Strong irregular > 20 0 0 3 3 2 2 1 1 4 3
Total 120 100 120 100 120 100 120 100 120 100

SPCI MAM–1 MAM–2 MAM–3 MAM–4 MAM–5
Uniform < 10 27 23 72 60 63 53 56 47 75 63
Modrate 10 to 15 86 72 48 40 55 46 63 53 42 35
Irregular 15 to 20 7 6 0 0 2 2 1 1 3 3
Strong irregular > 20 0 0 0 0 0 0 0 0 0 0
Total 120 100 120 100 120 100 120 100 120 100

SPCI JJA–1 JJA–2 JJA–3 JJA–4 JJA–5
Uniform < 10 111 93 25 21 120 100 117 98 113 94
Modrate 10 to 15 9 8 95 79 0 0 3 3 7 6
Irregular 15 to 20 0 0 0 0 0 0 0 0 0 0
Strong irregular > 20 0 0 0 0 0 0 0 0 0 0
Total 120 100 120 100 120 100 120 100 120 100

SPCI SON–1 SON–2 SON–3 SON–4 SON–5
Uniform < 10 3 3 10 8 27 23 79 66 26 22
Modrate 10 to 15 88 73 65 54 89 74 41 34 89 74
Irregular 15 to 20 29 24 40 33 4 3 0 0 4 3
Strong irregular > 20 0 0 5 4 0 0 0 0 1 1
Total 120 100 120 100 120 100 120 100 120 100
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annual temperature (Tmin, Tmax, and Tmean) in rainfall 
zones (Table 2 and Fig. 12) confirmed that there were sig-
nificant changes in temperature between 1901 and 2020. 
We, therefore, rejected the null hypotheses of Hoa and Hob, 
respectively, for the MK and Pettitt’s tests for annual Tmin, 
Tmax, and Tmean trends in all rainfall zones (Table 2). It is 
important to note that the slope (spatial and temporal) of the 
trend was similar for Tmin and Tmean in each rainfall zone 
(Fig. 12, Table TS5). However, the slope of the spatial trend 
of increasing temperature (0.48–0.84°C per 120 years) was 
much lower than the temporal trend, particularly in the case 
of the annual Tmax (Fig. 4 and 12b). A homogeneity test 
applied to the annual Tmin, Tmax, and Tmean indicated an 
inflection point in the 1970s for Tmin, Tmax (only for Zone-
3), and Tmean (only for Zone-1, Zone-2, and Zone-3), the 

1980s for Tmean (Zone-4 and Zone-5), and the 1990s for 
Tmax (except Zone-3) (Fig. 12, Table 2). This pattern indi-
cates that the inflection point of Tmean was strongly influ-
enced by the inflection point of Tmin in all rainfall zones.

There was less annual variability of temperature in 
Ethiopia at low temperatures than at high temperatures 
(i.e., annual variability increased in the order of Tmean 
< Tmin < Tmax). This interannual variability could 
be verified by the long-range anomalies (Fig. FS5) of 
annual temperatures in the study area in each rainfall 
zone. There have been a limited number of national-scale 
studies, but the results of this study agreed well with the 
results of previous local studies conducted in Ethiopia 
(e.g., Asfaw et al. 2018; Conway et al. 2004; Habte et al. 
2021; Mengistu et al. 2014; Mewded et al. 2022; Tekleab 

Fig. 10  Spatial distribution 
of annual standard precipita-
tion anomality index (SPI) for 
selected years during the period 
1901–2020. The selection was 
based on the relative occurrence 
of excess and deficit rainfall in 
the climate zones
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et al. 2013). For example, a study in the Lake Hayk basin 
(on the border of Zone-1 and Zone-2) by Mewded et al. 
(2022) revealed that the annual Tmean was less variable 
than Tmin and Tmax from 1986 to 2015. In this study, 
we found that the statistically significant rates of change 
of temperature varied spatially (Fig. 4) and temporally 
(Fig. 12). Variations of annual temperature (Tmin, Tmax, 
and Tmean) have also been reported in previous studies 
conducted at local and national scales (e.g., Belay et al. 
2021; Conway et al. 2004; Habte et al. 2021; Jury and 
Funk 2013; Mewded et al. 2022). However, the rate of 
change differs as a function of the location, extent of the 
study area, and duration of the study. For example, a pre-
vious study in the upper Blue Nile basin (most parts of 
Zone-1 and Zone-3) by Conway et al. (2004) has revealed 

that the annual Tmin and Tmax increased by 0.40 °C and 
0.20 °C per decade, respectively, between 1951 and 2002. 
In that study basin, annual Tmin and Tmax increased by 
0.22°C and 0.16 °C per decade from 1981 to 2010 (Meng-
istu et al. 2014). This increasing trend of annual Tmin and 
Tmax in the upper Blue Nile basin (Conway et al. 2004; 
Mengistu et al. 2014) is by far greater than the results 
of this study, specifically for Zone-1 and Zone-3 (Tmin 
and Tmax increased by 0.11 °C and 0.06°C per decade, 
respectively, Fig. 12a, b). The increasing trend of Tmax 
and Tmean, however, were in reasonable agreement with 
the previous study conducted in the Woleka sub-basin 
(part of Zone-1) by Asfaw et al. (2018) during the period 
of 1901–2014. A study in southern (Zone-4) Ethiopia 
by Belay et al. (2021) has also revealed that the rate of 
increase of annual Tmin, Tmax, and Tmean was 0.56 °C, 
0. 27 °C, and 0. 42 °C per decade, respectively. From 1983 
to 2016 (34 years), the annual Tmin and Tmax of south-
western Ethiopia (part of Zone-3 and Zone-4) increased 
by 0.71 °C and 0.65 °C, respectively (Habte et al. 2021). 
Importantly, in agreement with the results of our study, 
a significant increasing trend in Tmin (up to 1.2 °C) and 
Tmax (up to 1.9 °C) has been observed in the East Africa 
region from 1979 to 2010 (Gebrechorkos et al. 2019). It 
is worth noting that the result of this study (the national 
average temperature increased by 1.23°C from 1901 to 
2020) was very close to the global warming rate reported 
in 2020, about 1.2°C above the pre-industrial (from 1850 
to1900) level (WMO, 2020). Also, like the results of this 
study, the average global temperatures decreased from 
1940 to 1970 (clearly apparent in the Tmin of this study, 
Fig. 12a), and then the temperatures began to climb rap-
idly again (IPCC 2007). The downward trend from 1940 
to 1970 has been attributed mainly to a high concentration 
of aerosols in the atmosphere emitted by volcanic erup-
tions and industrial activities during this period (IPCC, 
2007). Hence, the change in annual mean temperatures 
in Ethiopia was linked to the rise of global temperatures 
after the 1970s. The 1970s and 1990s were the inflection 
points for Tmin and Tmean, and Tmax, respectively, in 
all rainfall zones of the study area (Fig. 12). The change 
of the annual temperatures in the 1970s in Ethiopia was 
also directly related to the transition of ENSO towards 
more warm events after the late 1970s and coincided with 
record-high global mean temperatures (Conway 2000; Dai 
et al. 1998). It is evident from the long-term trends and 
anomalies of the annual Tmax (Fig. FS5) that there has 
been a warming trend since the last period of the  20th cen-
tury (the 1990s). Similar results have also been reported 
by previous studies in Ethiopia (e.g., Asfaw et al. 2018; 
Conway et al. 2004; Mengistu et al. 2014; Mewded et al. 
2022). Likewise, the global temperatures are projected 

Fig. 11  Annual standardized rainfall anomaly indices for five cli-
mate zones from 1901 to 2020 relative to the long-term average of 
the same period. The shaded area indicates the SPI values within the 
normal condition (−1 to 1)
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to increase throughout the  21st century (Houghton et al. 
1990; WMO 2020). This increase in global temperature 
is associated with greater increases of daily Tmin than 
Tmax (Easterling et al. 1997). Overall, the significant 
increase of annual temperature in Ethiopia from 1901 

to 2020 can be attributed to an increase in the annual 
Tmin (the rate of increase has been greater for Tmin than 
Tmax). This increase in temperature leads to an increase 
in water loss and will cause more severe droughts in much 
of Ethiopia in the future.

Table 5  The number of years (# Yrs) and their occurrence (%) under different classfications and with the standard precipitation anomaly index 
(SPI) in each of five rainfall zones between 1901 and 2020

DJF, December-January-February; MAM, March-April-May; JJA, Jun-July-August; SON, September-October-November

Classification SPI DJF–1 DJF–2 DJF–3 DJF–4 DJF–5

#Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%) #Yrs (%)

Extremely wet above 2 5 4 5 4 4 3 8 7 5 4
Very wet 1.5 to 2 4 3 7 6 7 6 3 3 6 5
Wet 1.0 to 1.5 8 7 5 4 9 8 7 6 7 6
Normal –1.0 to 1.0 86 72 84 70 81 68 82 68 86 72
Dry –1 to –1.5 15 13 18 15 16 13 16 13 16 13
Very dry –1.5 to –2 2 2 1 1 3 3 4 3 0 0
Extremely dry below –2 0 0 0 0 0 0 0 0 0 0
Excess > Normal 17 14 17 14 20 17 18 15 18 15
Deficit < Normal 17 14 19 16 19 16 20 17 16 13

SPI MAM–1 MAM–2 MAM–3 MAM–4 MAM–5
Extremely wet above 2 5 4 4 3 5 4 4 3 6 5
Very wet 1.5 to 2 4 3 6 5 5 4 6 5 3 3
Wet 1.0 to 1.5 10 8 9 8 10 8 6 5 5 4
Normal –1.0 to 1.0 85 71 80 67 87 73 84 70 86 72
Dry –1 to –1.5 10 8 13 11 7 6 12 10 14 12
Very dry –1.5 to –2 4 3 8 7 4 3 6 5 6 5
Extremely dry below –2 2 2 0 0 2 2 2 2 0 0
Excess > Normal 19 16 19 16 20 17 16 13 14 12
Deficit < Normal 16 13 21 18 13 11 20 17 20 17

SPI JJA–1 JJA–2 JJA–3 JJA–4 JJA–5
Extremely wet above 2 5 4 6 5 5 4 4 3 5 4
Very wet 1.5 to 2 3 3 2 2 6 5 5 4 3 3
Wet 1.0 to 1.5 8 7 7 6 5 4 7 6 8 7
Normal –1.0 to 1.0 88 73 89 74 86 72 88 73 85 71
Dry –1 to –1.5 10 8 10 8 14 12 8 7 14 12
Very dry –1.5 to –2 2 2 2 2 2 2 7 6 2 2
Extremely dry below –2 4 3 4 3 2 2 1 1 3 3
Excess > Normal 16 13 15 13 16 13 16 13 16 13
Deficit < Normal 16 13 16 13 18 15 16 13 19 16

SPI SON–1 SON–2 SON–3 SON–4 SON–5
Extremely wet above 2 3 3 5 4 4 3 6 5 4 3
Very wet 1.5 to 2 5 4 6 5 2 2 2 2 10 8
Wet 1.0 to 1.5 6 5 9 8 8 7 5 4 7 6
Normal –1.0 to 1.0 84 70 89 74 89 74 92 77 80 67
Dry –1 to –1.5 13 11 5 4 8 7 12 10 17 14
Very dry –1.5 to –2 8 7 6 5 8 7 3 3 2 2
Extremely dry below –2 1 1 0 0 1 1 0 0 0 0
Excess > Normal 14 12 20 17 14 12 13 11 21 18
Deficit < Normal 22 18 11 9 17 14 15 13 19 16
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3.3.2  Inter‑seasonal spatial and temporal variability 
and trend of temperature

The seasonal Tmin ranged from approximately 2°C to 23°C, 
5°C to 25°C, 5°C to 28°C, and 4°C to 25°C, respectively, 
during the winter (DJF), spring (MAM), summer (JJA) 
and autumn (SON) seasons (Fig. 13a). The average Tmin 
was relatively high in Zone-2 (range: 15°C±4°C in DJF to 
21°C±5°C in JJA) and Zone-4 (range: 16°C±3°C in DJF 
to 19°C±4°C in MAM) in all seasons. This higher average 
Tmin was associated with the amounts of rainfall in each 

zone. Zone-2 and Zone-4 received high amounts of rainfall 
in the summer and spring, respectively (Fig. 6). In contrast, 
the average Tmin was lower in Zone-5 (range: 10°C±3°C 
in DJF to 14°C±4°C in MAM) during all seasons except the 
summer (Fig. 13a). As shown in Fig. 13b, the seasonal Tmax 
ranged from ~16°C to 39°C, in the autumn (SON) and sum-
mer (JJA) season, respectively. The country's average Tmax 
(27°C±4°C) was very similar during winter, summer, and 
autumn, but the average Tmax increased by 2°C during the 
spring. The Tmax was relatively high in Zone-2 (32°C±5°C 
in JJA) and Zone-4 (range: 30°C±3°C in DJF and SON to 
31°C±3°C in MAM) during the study period. The Tmax was 
relatively low in Zone-3 (24°C±3°C in JJA and 25°C±3°C 
in SON) and Zone-5 (26°C±3°C in DJF and 27°C±4°C 
(MAM). The Tmean was a minimum (10°C) and a maxi-
mum (34°C) during the autumn and summer, respectively 

Fig. 12  Trends and changes in (a) minimum temperature (Tmin; 
oC); (b) maximum temperature (Tmax; oC); (c) mean temperature 
(Tmean; oC) in five climate zones from 1901  to 2020. The dotted 
lines indicate the Pettitt test homogeneity trend result at a significance 
level α = 0.05 and show the mean value of annual rainfall. The black 
solid lines indicate the Sen’s slope for the trend 

Fig. 12  (continued)
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(Fig. 13c). The Tmean was higher in Zone-2 and Zone-4 
from 1901 to 2020; the upper limit of Tmean was 27°C±5°C 
in JJA, and the lower limit was 22°C±5°C in DJF, respec-
tively (Table TS6). In general, spring (MAM) was the hottest 
season in Ethiopia in all rainfall zones from 1901 to 2020.

The CV of Tmin, Tmax, and Tmean varied from approxi-
mately 2% to 26%, 6% to19%, and 1% to 5%, respectively 
(Fig. 13). The indication was that the seasonal variation was 
low for Tmean compared with Tmin and Tmax. Low tem-
peratures (Tmin, Tmax, and Tmean) were correlated with 
higher CV values and vice versa. For instance, inter-seasonal 
variations of temperature (Tmin, Tmean, and Tmax) were 
low in the northeast, southeast, and eastern parts of Ethio-
pia (Zone-2, Zone-4, and small parts of Zone-5) in all sea-
sons. In contrast, there were high inter-seasonal variations 
of seasonal temperature (Tmin, Tmean, and Tmax) in the 

northwest, southwest, and western (all of Zone-1 and Zone-
3, and parts of Zone-5 and Zone-4) parts of Ethiopia in all 
seasons (Fig. 13). During the winter (DJF), the intraseasonal 
variations of temperature (especially Tmin and Tmax) were 
greater. This result was confirmed by the long-term seasonal 
anomalies of Tmin, Tmax, and Tmean (Fig. FS6–FS8).

The spatial distribution (Fig. 13) and temporal trends 
(Fig. 14) of seasonal temperature (Tmin, Tmax, and Tmean) 
showed a significant (at α = 0.05) increasing trend in all rain-
fall zones. The spatial increase in the seasonal Tmin varied 
by less than 1°C (more than three zones) and by 3°C (only 
Zone-1 in the spring) over 120 years (Table TS6). Similarly, 
seasonal Tmax significantly increased by approximately 1°C 
(Zone-4 in DJF; Zone -2, Zone-4, and Zone-5 in JJA; and 
Zone-4 and Zone-5 in SON) to 2°C (except Zone-1 in DJF; 
all zones in MAM; Zone-1 and Zone-3 in JJA; Zone-1 to 
Zone-3 in SON) over 120 years (Table TS6). Interestingly, 
there was a significant increase in seasonal Tmean across all 
rainfall zones of approximately 1°C during all seasons over 
120 years (Table TS6).

There was a statistically significant monotonic and 
non-homogeneous temporal trend in seasonal temperature 
(Tmin, Tmax, and Tmean) in all rainfall zones over the 
study period (Fig. 14 and Tables TS7–TS9). This trend 
was confirmed by the changes in seasonal temperature 
from 1901 to 2020. We thus rejected the null hypotheses 
for the MK and Pettitt’s tests for seasonal Tmin, Tmax, and 
Tmean trends in all rainfall zones (Tables TS7–TS9). The 
seasonal Tmin, Tmax, and Tmean increased significantly 
by 0.48°C (SON) to 1.92°C (MAM), 0.36°C (DJF and JJA) 
to 1.08°C (MAM), and 0.6°C (SON and JJA) to 1.44°C 
(MAM), respectively, from 1901 to 2020 (Fig. 14). In 
general, large and small increases of Tmin were observed 
in spring and autumn, respectively, across rainfall zones. 
Compared to other rainfall zones, a greater increase of the 
seasonal Tmin was apparent in Zone-1 (in DJF, MAM, and 
SON) and Zone-3 (in all seasons) (Fig. 14). The increase 
of the seasonal Tmax was also greater in Zone-4 (in DJF 
and JJA) and Zone-3 (in MAM and SON). Likewise, a 
greater increase of Tmean was apparent in Zone-3 (in all 
seasons), Zone-1 (MAM), and Zone-5 (JJA) than in other 
rainfall zones (Fig. 14). In all rainfall zones, the homo-
geneity test results indicated that the inflection point for 
seasonal Tmin was in the 1970s in all seasons except the 
winter in Zone-2 (the 1930s) and in Zone-4 and Zone-5 
(the 1920s) (Fig. 14a). For seasonal Tmax, the inflection 
point was in the 1970s in JJA (for all zones) and SON 
(for Zone-1 and Zone-3) and the 1990s in DJF and MAM 
(for all zones) and SON (for only Zone-2 and Zone-5) 
(Fig. 14b). Similarly, seasonal Tmean has an inflection 
point in the 1970s and 1990s. The indication was that the 
inflection point of Tmean was strongly influenced by Tmin 
and Tmax (Fig. 14c). After the inflection points, positive 

Fig. 12  (continued)
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seasonal temperature anomalies (Tmin, Tmax, and Tmean) 
were more frequently apparent than before the inflection 
points (more negative anomalies were observed) (Figs. 
FS6–FS8).

The monthly temporal trend analysis also revealed 
a statistically significant trend in monthly Tmin in all 

rainfall zones except Zone-5 in the months of January and 
October (Table TS7). No significant monotonic and non-
homogeneous trend in monthly Tmax was detected in the 
months of January (Zone-1, Zone -2, and Zone-3), Febru-
ary (Zone-1), March (Zone-2 and Zone-5), June (except 
Zone-4), and December (Zone-1 and Zone-3) from 1901 

Fig. 13  Spatial distribution of seasonal (a) minimum temperature 
(Tmin; oC); (b) maximum temperature (Tmax; oC); (c) mean tem-
perature (Tmean; oC) during the period 1901–2020: mean value (left 
side), coefficient of variation (CV, middle), and trend (rate of change 

in °C per year; right side). In all areas, the trend is statistically signifi-
cant at α =  0.05. DJF, December-January-February; MAM, March-
April-May; JJA, Jun-July-August; SON, September-October-Novem-
ber  
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to 2020 (Table TS8). Unlike some monthly Tmax val-
ues, a significant increasing trend of monthly Tmean was 
observed from 1901 to 2020 in all rainfall zones except for 
the month of June in Zone-1 (Table TS9).

Overall, the spring (MAM) and winter (DJF) seasons 
are considered the hottest and coldest seasons, respec-
tively, in Ethiopia in all rainfall zones. Similar findings 
have been reported in previous studies in the upper Blue 

Nile basin (part of Zone-1 and Zone-3, Conway et al., 
2000) and Lake Hayk basin (on the border of Zone-1 
and Zone-2, Mewded et al. 2022). Rainfall, cloudy con-
ditions, and energy used for evapotranspiration reduce 
peak temperatures in summer (JJA). High inter-seasonal 
variability of seasonal temperature (Tmin, Tmax, and 
Tmean) was observed in winter (DJF) during the study 
period (Fig. 14). Likewise, the inter-seasonal variability 

Fig. 13  (continued)
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was greater for Tmax than Tmin and Tmean in all rainfall 
zones (Fig. 14a). However, the seasonal Tmin increased 
at a higher rate than the seasonal Tmax and Tmean from 
1901 to 2020 in all rainfall zones. A number of previ-
ous studies in Ethiopia have reported similar results in the 
upper Blue Nile basin (Zone-1 and some parts of Zone-
3, Conway 2000; Mengistu et al. 2014), central Ethiopia 
(Zone-5, Conway et al. 2004), western Ethiopia (Bekuma 

et al. 2022), southern Ethiopia (Zone-4, Belay et al. 2021), 
southwestern Ethiopia (part of Zone-3 and Zone-4, Habte 
et al. 2021), and eastern Ethiopia (Zone-2 and Zone-5, 
Bayable et al. 2021). The rate of change, however, var-
ied as a function of the source of data, the length of the 
study period, and the size of the area studied. Our find-
ing of increasing trends in the seasonal Tmin and Tmax 
in all seasons contradicted the results (non-significant 

Fig. 13  (continued)
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decreasing trends in seasonal Tmin and Tmax) reported 
by Alemayehu et  al. (2020) in western Ethiopia from 
1983 to 2016. In contrast to our findings, a non-signifi-
cant increasing trend in Tmax has been reported during 
MAM in northern parts of Ethiopia, and a significant 
decreasing trend has been detected in western (MAM) and 

eastern (JJA and SON) parts of Ethiopia (Gebrechorkos 
et al. 2019). The difference may be attributed to the data 
sources and the length of the study period. For example, 
Gebrechorkos et al. (2019) used Observational-Reanalysis 
Hybrid data for temperature from 1979 to 2010. Zonal 
level comparison results also revealed high inter-seasonal 

Fig. 14  Trends and changes in seasonal (a) minimum Temperature 
(Tmin; oC); (b) maximum temperature (Tmax; oC); (c) average tem-
perature (Tmean; oC) in five climate zones  of Ethiopia from 1901 
to 2020. The dashed lines indicate the Pettitt test homogeneity trend 

result at a significance level α = 0.05 and show the mean value of 
seasonal rainfall before and after the inflection point. DJF, December-
January-February; MAM, March-April-May; JJA, Jun-July-August; 
SON, September-October-November  
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variability of temperature (Tmin, Tmax, and Tmean) in 
Zone-1, Zone-3, and Zone-5. Like our results, significant 
increasing trends of monthly Tmin and non-significant 
increasing trends of monthly Tmax (in some months) have 
been reported in some areas of Ethiopia (e.g., Alemayehu 
et al. 2020; Asfaw et al. 2018; Bekuma et al. 2022). Ris-
ing seasonal temperatures have direct and indirect impacts 

on food security and the livelihood of people, including 
increases in human and livestock diseases, reductions in 
seasonal crop productivity, and increases in water scarcity, 
particularly in tropical climates (e.g., Abeje et al. 2019; 
WMO 2020). Decision-makers should therefore consider 
in advance all possible measures to mitigate future impacts 
on the region.

Fig. 14  (continued)
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4  Conclusions

In Ethiopia, a region characterized by frequent droughts and 
long-term climate variability, trend analysis is extremely 
important for anticipating and minimizing possible threats. 
In this study, we examined the spatiotemporal variability and 
trends of Ethiopian climate (rainfall and temperature) from 

1901 to 2020 using monthly Climatic Research Unit (CRU 
4.05) gridded dataset by integrating observed rainfall and 
temperature data. Five different homogeneous rainfall zones 
were identified using long-term monthly peaks, seasonal 
rainfall patterns, and pixel-based monthly rainfall correlation 
coefficient techniques. The results revealed that there was 
high spatiotemporal variability of rainfall and temperature 

Fig. 14  (continued)
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on annual and seasonal timescales in all rainfall zones. How-
ever, for both climate parameters, the inter-seasonal variabil-
ity was more pronounced than the interannual variability in 
all rainfall zones. The trends of annual rainfall revealed that 
there were non-significant decreases of as much as –1.39 
mm per year and increases of as much as +1.22 mm per year 
over approximately 27% and 48% of the country from 1901 
to 2020, respectively. However, statistically significant (α = 
0.05) trends in rainfall were observed in some areas (22%) 
of the country at annual and seasonal timescales, whereas no 
significant temporal trends of rainfall were observed in all 
seasons (except summer in Zone-3) and rainfall zones. The 
long-term PCI spatial analysis results also revealed that the 
country exhibited moderate to strongly regular annual and 
seasonal rainfall patterns, except during the summer (when 
the rainfall distribution was uniform). The indication was 
that rainfall was highly seasonal throughout the course of the 
year. The annual and seasonal SPI values characterized years 
and seasons as wet (positive anomalies) and dry (negative 
anomalies) in Ethiopia. There was a higher percentage of 
negative anomalies than positive anomalies during the study 
period. The 1984 deficit and 1967 excess rainy years were 
observed in all rainfall zones of Ethiopia.

Unlike rainfall, there was a spatial and temporal statisti-
cally significant (α = 0.05) increasing trend in annual and 
seasonal temperature in all rainfall zones of the country. The 
spatial and temporal increasing trend rate of mean temperature 
(Tmean) at annual and seasonal timescale ranged from 0.24°C 
to 1.92°C and 0.72°C to 1.08°C, respectively, from 1901 to 
2020. In all rainfall zones, Tmin increased at a faster rate than 
Tmax and Tmean over the study period, and the change in 
Tmean was highly influenced by Tmin. Increasing tempera-
tures are expected to increase evapotranspiration, increase 
water losses by evaporation, and cause more severe droughts 
across large parts of the country. Areas severely affected by 
drought or deficit rainfall thus require particular attention and 
further study to reduce possible negative impacts. This study 
will contribute to a better understanding of the past climate 
of Ethiopia in different rainfall zones for future climate pro-
jection and can be used in planning for adaptation measures 
and mitigation of impacts of changing climate and climate 
extremes. The classification of rainfall zones should also 
facilitate estimates of design rainfall for hydraulic structures 
and the arrangement of cropping schedules.
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