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Abstract
Drought is a global problem that affects particularly agricultural and water resources. The 
spatiotemporal drought characteristics and their possible drivers over Upper Awash Basin 
(UAB) were assessed in magnitude, duration, frequency, and intensity. Gridded data and a 
statistical downscaling model (SDSM) were used for historical projection. The Standard-
ized Precipitation Index (SPI) and Standardized Evapotranspiration Index (SPEI) at 4- and 
12-month timescales were used to compute the drought. The SPI 4-and 12-months indicate 
1984, 1987, 2002, 2015, and 2016 years of dominant drought. Persistent dry events were 
observed in the west, northwestern, and some eastern parts of the study area in Repre-
sentative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Trend analysis of seasonal 
shows that a statistically significant (P < 0.05) increasing trend during the main cropping 
seasons and annual drought events were detected in almost all basin parts. Near future pro-
jections in the two (RCP4.5 and RCP8.5) scenarios exhibited the continuation of drought 
up to 2030s and mid-2040s extreme and severe dryness, respectively. The seasonal and 
annual analysis projection indicates a decrease in dry events from 2050 onwards. The 
detected periodicity of dryness/wetness agreed with the negative/positive phase of SOI/ 
ENSO (Nino3.4) during Belg and the positive/negative phase during Kiremt and annual 
(SPI4/SPEI4). The possible driving forces of these drought events were land use/cover 
changes such as land degradation and urbanization. Global indices IOD, SOI, and ENSO 
(NINO3.4) are drivers that caused the seasonal droughts. These findings are useful for bet-
ter preparedness priorities that suggest developing basin-wide targeted interventions.
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1 Introduction

Climate change is a global and regional problem and has a profound impact on low-
income drought-stricken countries (Farooqi et al., 2020). Drought is an insidious natu-
ral hazard that is a common part of the climate in almost all regions (Wilhite, 2003). 
Globally, droughts account for about one-fifth of the damage caused by natural disasters 
(Srinivasarao et al., 2020). It is a serious natural disaster that affects more people than 
any other natural disaster (Bobrowsky, 2013). It is also the main cause of severe eco-
nomic losses in agricultural production, which ultimately affects the supply of food for 
people (Farooqi et  al., 2020; Shi & Hussain, 2020). When social, economic, or envi-
ronmental effects become apparent, it is commonly referred to as a natural disaster 
(Bobrowsky, 2013; Wilhite, 2000). In most populous regions of the world, drought has 
far-reaching social and economic consequences that make it difficult to manage (Below 
et al., 2007).

Drought is considered a long-term average state of equilibrium between rainfall and 
evapotranspiration (Wilhite, 2000). Although there are many definitions of drought, there 
is no global definition (Tate & Gustard, 2000; Wilhite, 2000). Each discipline included 
different physical, biological, and/or socioeconomic factors in drought definition (Wil-
hite, 2000). Drought is normally defined as a “prolonged absence or marked deficiency of 
precipitation,” a “deficiency of precipitation that consequences in a water deficiency for 
some activity or some group,” or a “period of unusually dry weather adequately prolonged 
for the lack of precipitation to cause a serious hydrological imbalance” (Trenberth et al., 
2014). This last definition Trenberth et al. (2014) was used in this study. It must be known 
that the importance of drought lies in its influences or application-specific and reflects spe-
cific regional climatic characteristics for use in operational mode by decision-makers (Wil-
hite, 2000). Droughts can generally be divided into meteorological, agricultural, hydrologi-
cal, and socioeconomic droughts (Ho et al., 2012; Wilhite, 2000; Wilhite & Glantz, 1985). 
In this study, the focus is on the characterization of agricultural, climatology, and hydro-
logical drought impact. They differ in three essential characteristics: intensity, duration, 
and spatial coverage (Bobrowsky, 2013; Mbiriri et al., 2019; Report, 2006; Wilhite, 2003). 
Therefore, they can be considered dangerous multidimensional phenomena (Tsakiris & 
Vangelis, 2005). The severity of a drought depends not only on the intensity, duration, and 
geographic extent of a particular drought occurrence but also on the water supply demands 
made by human activities and vegetation in an area (Wilhite, 2000).

Among the drought, causes are crop losses, migration, malnutrition, poverty, and 
food insecurity. Drought is also linked to environmental degradation in terms of deser-
tification and aridity of the land (Srinivasarao et al., 2020). They occur in all climatic 
zones, regardless of the region’s normal rainfall rates and trends Slette et  al. (2019), 
and their beginnings and cessation are difficult to know, unlike other natural disasters, 
making them highly unpredictable (Park et al., 2017). Climate variability and frequent 
droughts have caused considerable strain on water resources in most world regions, with 
the arid and semi-arid parts being the most pretentious (Bhaga et  al., 2020). Drought 
stress leads to water scarcity conditions that negatively affect physiological and bio-
chemical processes that ultimately threaten crop production (Kaushal, 2019). Droughts 
can also seriously negatively impact the water quality required for irrigated agriculture 
(Peña-Guerrero et al., 2020). Over the last few decades, repeated drought and famine in 
sub-Saharan Africa have had a devastating effect on the economic and social situation 
already characterized by serious difficulties (Tadesse et al., 2008).
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Investigating and quantifying drought events can be essential to guide mitigation and 
adaptation options to address climate change (Wang et al., 2014). A drought assessment 
study is important for areas that depend on groundwater and rainfed agriculture (Ahmed 
et al., 2016). Africa’s agriculture sector is affected by drought and needs characterization 
of drought events in terms of duration, severity, and intensity for proactive policy and plan-
ning (Fanadzo et al., 2021; Meza et al., 2021; Yacoub & Tayfur, 2020). For example, of all 
the natural disasters, droughts account for only 8% of the world’s phenomenon. Nonethe-
less, it accounts for 25% in Africa between 1960 and 2006 (Gautam, 2006). Food secu-
rity is extremely sensitive to climate risks mainly in Ethiopia and the horn of Africa. The 
recent climate-linked events such as the 2011 food security disasters in the Horn of Africa 
have emphasized the impact of droughts and floods on food production, agricultural activi-
ties, etc. (Getaneh et al., 2022). During the 1980s, a drought killed more than half a million 
people in Africa (Dai, 2011). In Sub-Saharan Africa, crop production and food security 
are at high risk of drought, where the effects are temporal and long-lasting (Shiferaw et al., 
2014). According to the report of Haile et al. (2020), drought changes over East Africa fol-
low the “dry gets drier and wet gets wetter” paradigm. It needs more attention to identify 
the causes to minimize the impacts and resilience methods (Yang et al., 2019). The study 
by Shepherd et al. (2013) on the hazard indicator shows the greatest change over time in 
East Africa, with increasing high temperature having an impact on the future hazard over 
the highlands of Ethiopia. According to Ghebrezgabher et al. (2016), climate change has 
been a serious and active environmental issue in the Horn of Africa for the previous eight 
and a half decades. Therefore, it is vital to investigate climate change’s impact on future 
East African drought conditions for society and policymakers for effective drought mitiga-
tion, adaptation, and future drought risks (Haile et al., 2020).

The analysis of the future projection spatial–temporal evolution of drought is very 
important as the past drought occurrence in the basin is alarming. Therefore, to cope early 
with the drought in the study area, it is vital to quantify the spatiotemporal evolution of 
dryness to develop adaptation and mitigation strategies. Droughts negatively impact agri-
cultural production and water resources; thus, drought projections are vigorous for develop-
ing future drought mitigation approaches (Yao et al., 2020). Based on Ayugi et al. (2021), 
identifying possible drought hotspots over East Africa, thus enabling timely preparation 
for such events, is vital. Therefore, it needs basin-wise characterization of drought in the 
future. Ethiopia is among the countries in East Africa that experiences extreme climate 
events, both drought and flood. It is also one of the countries in the region facing climate-
related risks attributed to climate change and its unpredictability (Burnett, 2013; Gezie, 
2019). Every two decades found increasing drought trends in spatial and temporal drought 
patterns from time to time (Haile et al., 2022). Ethiopia has been experiencing at least two 
severe droughts (Bezu, 2020). Some studies in Ethiopia assume that these droughts are 
partly connected to global phenomena. Scholars like Funk (2012) and Dubache et al. (2019) 
studied the influence of global climate change on Ethiopia’s frequent drought occurrences. 
Based on the report by Workie and Debella (2018), the climate of Ethiopia is mostly influ-
enced by the seasonal migration of the Inter-Tropical Converging Zone (ITCZ), the com-
plex topography, and the teleconnection of global atmospheric circulation. The report by 
Funk (2012) found that most drought years in Ethiopia, such as 2015, were linked with the 
El Niño–southern oscillation (ENSO). However, it is still necessary to know whether this is 
true and whether there are other atmospheric and oceanic phenomena involved.

To understand the impact of climate change on drought, mapping drought-vulner-
able areas along with socioeconomic data are important (Senamaw et  al., 2021). For 
this purpose, drought characterization is important. From among the drought indices, 
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SPI and SPEI are well-tested indices in the characterization of drought in East Africa 
as well as in different parts of Ethiopia (Haile et al., 2020, 2022; Mekonen et al., 2020; 
Okal et  al., 2020; Polong et  al., 2019; Senamaw et  al., 2021). SPI has been used in 
previous research works to study the drought characteristic in the Awash River basin 
(Adane et al., 2020; Belayneh et al., 2016; Gebreyesus, 2020). However, it is vital to 
explore drought in Ethiopia utilizing different indices of climatic variables such as 
evapotranspiration and soil water content (Mekonen et al., 2020). The use of SPEI with 
SPI could enable researchers to see spatial distribution and the magnitude of the sever-
ity of drought.

As the main water source of Awash River is the upper basin, it is better to characterize 
the past and future drought events in terms of seasonal, duration, severity, and intensity. Up 
to now, not much attention has been paid to the basin in this regard. We consider that this 
study that focuses on the basin’s spatial and temporal drought patterns and future projec-
tions is important in crop production and water supplies in the basin. The Upper Awash 
basin is one of the most important basins in crop production and water supply in the coun-
try. What is not yet clear in the basin is drought in terms of duration, severity, intensity, and 
frequency of drought occurrence. To understand the possible future drought conditions in 
the upper Awash basin, it is better to characterize historical and future climate change on 
agricultural and hydrological drought events. As the main water source of the Awash River 
is the upper basin, understanding the link between climate change and drought events will 
help policymakers’ future. Therefore, the objective of this study was first to understand and 
evaluate the past and future drought severity levels and characterizes drought in terms of 
magnitude, duration, frequency, and intensity using a statistical downscaling model under 
RCP 4.5 and 8.5 at different spatiotemporal scales using both SPI and SPEI indices in the 
Upper Awash Basin (Ethiopia). Second, to characterize the trends and future seasonal 
drought of the two cropping seasons using Ethiopia’s seasonal classification as Belg (Feb-
ruary to May) and Kiremt (June to September) and to check whether there are links with 
the possible global climate forcing. Therefore, this study helps stakeholders, policy, and 
decision-makers with effective drought monitoring, local-scale planning, and the develop-
ment of context-specific drought preventive measures and early warning systems.

2  Data and methodology

2.1  Description of the UAB

The drought characterization was conducted in the Upper Awash Basin between 8°6′36″ to 
9°17′56.4″ North and 37°57′25.2″ to 39°13′12″ East (Gebremichael et al., 2022). The basin 
is located in the central part of Ethiopia, and its elevation ranges from 1500 m above sea 
level at the break of the Great African Rift Valley to 3000 m on the plateau. The location 
of the stations and study area are shown in Fig. 1. Geographic coordinates and elevation of 
the stations are given in Table 1.

The predominant (93.2%) land use/cover (LULC) of the Upper Awash Basin consists of 
cultivated agricultural land, and the rest, 6.8%, is covered by others (Kurkura, 2011). Hal-
crow (2006) underlines soil erosion and land degradation as the major issues in the Upper 
Awash River Basin. According to Kerim et al. (2016), the landscape of the basin comprises 
highlands, escarpments, and rift valleys. The key physiographic topographies of the Awash 
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River Basin are the Ethiopian Rift valley and the plateau that expands to the north into the 
Afar Triangle. The geography of the Ethiopian Plateau is commonly flat, with elevations 
ranging from 2000 to 3000 m (Azazh, 2008).

Fig. 1  Map of the upper Awash basin with the locations of Meteorological stations: AGRC = Agricultural 
Land; BARR = Barren; FRSE = Forest-Evergreen; FRST = Forest-mixed; RNGB = Range-Brush; RNGE-
Range-Grasses; URBN = Residential; WATR = Water and WETN = Wetlands-mixed

Table 1  Geographical 
descriptions of meteorological 
stations (Gebremichael et al., 
2022)

m e a.s.l = mean elevation above sea level

Stations Geographical coordinates Elevation 
(m) m.e. 
a.s.lLongitude (°E) Latitude (°N)

Addis Ababa Bole 38.79 8.98 2354
Addis Alem 38.383 9.033 2372
Asgori 38.333 8.783 2072
Koka Dam 39.156 8.466 1618
Ginchi 38.133 9.0167 2132
Hombole 38.766 8.366 1743
Kimoye 38.333 9.0 2150
Mojo 39.1 8.6 1761
Sendafa 39.01 9.09 2560
Tulu Bolo 38.2 8.65 2190
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2.2  Data sources

The station data used in this study from 1983 to 2016 (> 30  years) are the combined 
dataset, which consists of the daily observed station data of the National Meteorological 
Agency (NMA) and satellite data. The combined dataset consists of the observed station 
data from the national network managed by the NMA and the satellite data (rainfall and 
temperature) estimations from the European Organization for the Exploitation of Meteoro-
logical Satellites (EUMETSAT) and US National Aeronautics and Space Administration 
(NASA) (Dinku et al., 2014, 2018). The satellite products were used to fill the temporal 
and spatial gaps in the data of NMA and to get better continuous data of better quality. 
This combined dataset has better data quality in Ethiopia’s National observation Esayas 
et al. (2018) with no missing data. The combined data were used for the historical drought 
analysis.

For the future drought characterization, Statistical Downscaling Model (SDSM) was 
used for the future simulation of temperature and rainfall using two scenarios, namely Rep-
resentative Concentration Pathways (RCPs) 4.5 and 8.5. SDSM is a decision support tool 
that facilitates the assessment of regional impacts of global warning by allowing spatial-
scale reduction of data provided by the large-scale Global Climate Model (GCM) (Wilby 
et al., 2002). The software of SDSM is accessed from the website.1

SDSM is categorized as a hybrid model and used to downscale the output from a GCM 
by emerging a statistical relationship among the local (predictands) and large-scale climate 
variables (predictors) by applying a multi-linear regressions model and stochastic bias cor-
rection techniques (Wilby & Dawson, 2007, 2015). The GCM’s outputs (named as pre-
dictors) are used for a single station’s linear condition and non-condition the local-scale 
weather generator parameters. Rainfall is a conditional process modeled using a stochas-
tic weather generator conditioned on the predictor variables. The maximum and minimum 
temperature is a non-conditional process. It is modeled using a stochastic weather genera-
tor non-conditioned on the predictor variables. The projection from the second-generation 
Canadian Earth System Model (CanESM2), which is the fourth-generation coupled global 
climate model developed by the Canadian Centre for Climate Modeling and Analysis 
(CCCma) of Environment and Climate Change Canada, was used in this study.2 The pre-
dictors derived starting CanESM2 and the NCEP reanalysis data were exported into the 
SDSM directory for model calibration, validation, and projection according to the method 
given by Kalnay et al. (1996). Time series monthly IOD, SOI, and ENSO (NINO3.4) data 
(1983–2016) were obtained from the National Oceanic and Atmospheric Administration 
(NOAA) satellite mission website.3

2.3  Data analysis

2.3.1  Calculating drought indices (SPI and SPEI)

In this study, the Standard Precipitation Index (SPI) and the Standard Precipitation and 
Evaporation Index (SPEI) of ten climate stations for 4- and 12-month timescales were 

1 https:// sdsm. org. uk/ softw are. html
2 https:// clima te- scena rios. canada. ca/? page= pred- canes m2
3 https:// psl. noaa. gov/ gcos_ wgsp/ Times eries/

https://sdsm.org.uk/software.html
https://climate-scenarios.canada.ca/?page=pred-canesm2
https://psl.noaa.gov/gcos_wgsp/Timeseries/
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computed using the “SPEI package” program written freely available in R-software. The 
computations were done for the historical (1983–2016) and future (2020–2100) follow-
ing the methods of (Vicente-Serrano et al., 2012) and (Beguería et al., 2014). ArcGIS 
10.5 was used for the spatial analysis.

Due to the complexity of drought and its wide impacts, adequate characterization of 
drought conditions generally requires the integration of different drought-related vari-
ables or indices (Hao & Singh, 2015). SPI was developed by (Mckee et  al., 1993). It 
has advantages such as its sole dependence on precipitation data alone, its ability to 
evaluate drought on multiple time scales, and its appropriateness for comparing drought 
conditions between different periods (Tsakiris & Vangelis, 2005). Based on Mckee et al. 
(1993), the gamma function is defined based on probability density function as:

where 𝛽 > 0, is a scale parameter; 𝛼 > 0, is a shape parameter; X > 0, is the precipitation 
amount; and the gamma function is defined as Γ(�) =

∞

∫
0

y�−1e−ydy

The commutative probability of precipitation is calculated as:

As the gamma function is undefined for x = 0, the commutative probability becomes:

where q is the probability of zero precipitation given by q = m∕n , m is the number of zeros 
in precipitation, and n is the number of precipitation observations in the time series.

The commutative probability, H(x), which is commutative probability is transformed 
to the standard normal random variable Z with mean of zero and variance of one, which 
is the value of the SPI. Therefore the SPI is computed by:

where t =
√

ln

(

1

[H(x)]2

)

for 0 < H(x) ≤ 0.5

where t =
√

ln

(

1

[1−H(x)]2

)

for 0.5 < H(x) ≤ 1.0

Unlike SPI, SPEI is based on precipitation and potential evapotranspiration (PET), 
which describes the degree of deviation between dry and wet conditions by standard-
izing the difference between PET and precipitation. In this study, the PET was used 
based on the Hargreaves method since some of the stations did not have complete data 
to satisfy the FAO recommended Penmann–Montieth method (Allen et al., 1998; Har-
greaves et al., 2003). The Hargreaves technique needs only precipitation, maximum and 

(1)g(x) =
1

𝛽𝛼Γ(𝛼)
X𝛼−1e−X∕𝛽 , for X > 0

(2)G(x) =

x

∫
0

g(x)dx =
1

𝛽�̂�Γ(�̂�)

x

∫
0

X�̂�−1e−X∕𝛽dx

H(x) = q + (1 − q)G(x)

(3)SPI = z = −

(

t −
2.515517 + 0.8022853t + 0.010328t2

1 + 1.432788t + 0.189269t2 + 0.001308t3

)

(4)SPI = z = +

(

t −
2.515517 + 0.8022853t + 0.010328t2

1 + 1.432788t + 0.189269t2 + 0.001308t3

)
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minimum temperatures, latitude, and extraterrestrial radiation (Ra) (Hargreaves et  al., 
2003). The Hargraves method was used to estimate the PET as follows.

PETHG is potential evapotranspiration (mm/day) evaluated using of Hargreaves method, 
Ra is the extraterrestrial radiation (mm/day) obtained theoretically as a function of latitude, 
Teman is the average temperature (°C), and Tmax and Tmin are the maximum and minimum 
temperatures (°C), respectively. After PET was calculated, the difference between precipi-
tation and PET (Di) was estimated.

Di is climatic water balance (CWB) in a given period (mm),  PETi is the monthly poten-
tial evapotranspiration (mm), and  Pi is the monthly precipitation in a given period (mm). 
The accumulated difference between PET and P in different time scales can be evaluated as

where n is the number of calculations and k is a different time scale. According to Vicente-
Serrano et al. (2010), the log-logistic distribution functions give better results than other 
distributions for estimating SPEI series in standardized D with a standard deviation of one 
and mean of zero. The equation is given as:

The parameters β, α, and γ are shape, scale, and location parameters, respectively, for D 
values in the range (γ < D < ∞). Thus, the probability distribution function can be stated as

The SPEI can easily be found as the standardized F(x) with an estimation of

The equation works regardless of whether p is greater than 0.5 or less or equal to 0.5.
The equation is given as:

where Wi is a probability weighted moment.

2.3.2  Determinations of drought characteristics

The frequency, duration, magnitude/severity, and intensity were calculated for all the cli-
mate stations based on Polong et al. (2019) and Zambreski et al. (2016).

(5)PETHG = 0.0023 ×
�

Tmean + 17.8
�

×
�

√

Tmax − Tmin

�

× Ra

(6)Di = Pi − PETi

(7)Dk
n
==

k−1
∑

i−0

(

Pn−i − PETn−i

)

(8)f (x) =
�

�

(x − �

�

)�−1[

1 +
x − �

�

]−2

(9)F(x) =
�

�

[

1 −
�

x − �

]−1

(10)SPEI = Wi −
2.515517 + 0.8022853Wi + 0.010328W2

i

1 − 1.432788Wi + 0.189269W2

i
+ 0.001308W3

i

(11)Wi =

�√

−2 ln (p) for p ≤ 0.5
√

−2 ln (1 − p) for p > 0.5
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The frequency of occurrence (Fs) is defined as

In the equation, ns is the number of drought events (for SPI and SPEI < − 1.0), Ns is the 
total number of months for the study period, and s specifies a climate station.

Magnitude is the index value’s cumulative sum (Mg) based on the duration extent.

The equation N represents the duration, and Ii represents either SPI or SPEI.
Intensity Events with a shorter duration and higher severities will have large intensities.

The Mg represent magnitude.

2.3.3  Mean seasonal drought trend

Since the SPI and SPEI have a serial correlation consequence, so may not be a straight use 
of the Mann–Kendall (MK) test. So, when data are not random and influenced by auto-cor-
relation, Modified Mann–Kendall tests are used in trend detection. Hamed and Rao (1998) 
have proposed a variance correction approach to address the issue of serial correlation in 
trend analysis. Parametric trend testing requires that data be independent and routinely 
distributed, while nonparametric trend testing requires that the data be independent only 
(Hamed & Rao, 1998). The nonparametric trend is widely used in many subjects and is 
useful for detecting significant trends. The nonparametric approaches were used, namely 
the Modified Mann–Kendall test for serially correlated data using the Hamed and Rao 
(1998) variance correction approach. This method is particularly useful in studying trends. 
On completion of the trend, the process was carried out by the package “modified” in 
RStudio, which is used to perform the nonparametric Mann–Kendall test, Spearman′s rank 
correlation coefficient test, and all modified versions of the Mann–Kendall test (Pataka-
muri, 2021; Patakamuri et al., 2020).

2.4  Model performance

The model performance indicators were calculated using Goodness-of-Fit Functions 
(GOF) (Zambrano-Bigiarini, 2020). During the calibration and validation of the SDSM, 
the performance of the time series was tested by using coefficient of determination (R2), 
Pearson’s correlation coefficient (r), Nash–Sutcliffe Efficiency (NSE), and percentage bias 
(PBIAS) which are defined by Zehtabian et al. (2016) for R2, Gupta et al. (2009); Moriasi 
et al. (1983); Nash and SutCLIFFF (1970) for NSE, and Gupta et al. (2009) for PBIAS. 
The formula of R2, NSE, and PBIAS one by one is as follows.

R2 is expressed as by Zehtabian et al. (2016)

(12)Fs =
ns

Ns

× 100%

(13)Mg =

N
∑

i=1

Ii

(14)I =
Mg

Duration
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In the equation, n is the number of observations in the period under consideration, xobs
i

 
is the ith observation of the constituent being evaluated, xsim

i
 is the ith simulated value for 

the constituent being evaluated, and xsim and xobs are the mean of simulated and observed 
data, respectively.

The equation for NSE is given (Gupta et al., 2009; Moriasi et al., 1983; and Nash & 
SutCLIFFF, 1970):

The xmean is the mean of observed data for the constituent being evaluated, and the oth-
ers are as defined in Eq. (15).

PBIAS is calculated by Gupta et al. (2009) as:

Again the variables are as defined in Eq. (15).

3  Results

3.1  Downscaled climate data under RCP 4.5 and RCP8.5 Scenarios

The downscaling of the GCMs was performed using Statistical Downscaling Model 
(SDSM), with all the models indicating a higher accuracy at daily and monthly scales 
when evaluated using statistical indicators. We start this section by presenting the predic-
tor suites generated for SDSM at each station for calibration using the data of 1983–2000. 
Next, we validated using the data from 2001 to 2016. The model’s performance during 
calibration and validation is presented in Table 2. The RCPs consists of four independent 

(15)R2 =

� �
∑n

i=1

�

xsim
i

− xsim
�

∗
�

xobs
i

− xobs
��2

∑n

i=1

�

xsim
i

− xsim
�2 ∑n

i=1

�

xobs
i

− xobs
�2

�

; 0 ≤ R2 ≤ 1

(16)NSE = 1 −

�
∑n

i=1

�

xobs
i

− xsim
i

�2

∑n

i=1

�

xobs
i

− xmean
�2

�

(17)PBIAS =

�
∑n

i=1

�

xobs
i

− xsim
i

�

× 100
∑n

i=1
xobs
i

�

Table 2  Statistical performance 
values obtained during 
calibration and validation of 
rainfall and maximum and 
minimum temperatures of the 
upper Awash Basin

Tmax = maximum temperature and Tmin = minimum temperature

Parameter The test is done for Model performance test param-
eters

r R2 NSE PBIAS

Rainfall Calibration 0.72 0.51 − 0.67 − 16.4
Validation 0.65 0.42 − 0.34 11.9

Tmax Calibration 0.95 0.91 0.66 − 0.1
Validation 0.96 0.92 0.51 − 2.2

Tmin Calibration 0.96 0.92 0.87 − 0.1
Validation 0.97 0.95 0.79 − 3.4
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pathways: RCP 8.5 (high emissions), RCP 6.0 (intermediate emissions), RCP 4.5 (interme-
diate emissions), and RCP 2.6 (low emissions) (Ho et al., 2012). This study used RCP 4.5 
and RCP 8.5 for future prediction. The results of RCP 8.5 and PCP4.5 from 2020 to 2100 
were simulated using SDSM and used in this study. Based on data available in the study 
area, the observed data from 1983 to 2016 of the ten stations were used. The statistical per-
formance of calibration results for the UAB between the observed rainfall, Tmax, and Tmin 
and those counterparts from the downscaling model is presented in Table 2.

It can be detected from Table 2 that the r, R2, NSE, and PBAIS for rainfall obtained dur-
ing calibration were 0.72, 0.51, − 0.67, and − 16.40, respectively. Corresponding values for 
Tmax were, 0.95, 0.91, 0.66, and − 0.1, respectively. Finally, the statistical performance of 
Tmin for calibration showed 0.96, 0.92, 0.87, and − 0.1 for r, R2, NSE, and PBAIS, respec-
tively. Thus, those results found from calibration can be used for the validation phase. The 
results of the validation for the statistical test parameters of r, R2, NSE, and PBAIS showed 
0.65, 0.42, -0.34, and 11.9 for rainfall, 0.96, 0.92, 0.51, and − 2.2 for Tmax, and 0.97, 0.95, 
0.79, and − 3.4 for Tmin, respectively. In general, the results showed a good performance of 
SDSM in modeling rainfall during the calibration and satisfactory during validation, with 
excellent results for maximum and minimum temperatures during both the calibration and 
the validation phases. Positive correlations were obtained between observed and simulated 
for all three parameters. The maximum negative PBAIS of − 16.4 obtained during rainfall 
calibration indicates an overestimation of the simulated rainfall. However, it is very small 
and does not affect the future prediction of the rainfall. The statistical performance results 
of the validation period are almost similar to those of the calibration period. Therefore it 
can be concluded that the performance of the calibrated model is representative and can be 
used in the future projection of RCP8.5 and RCP4 for the years 2020–2100 using SDSM 
for rainfall, the maximum and the minimum temperatures.

3.2  Spatial and temporal drought pattern and characteristics in the basin 
from 1983 to 2016

The time series of the SPI and SPEI at 4- and 12-month timescales were calculated using 
observed climate data from 1983 to 2016. The dryness categories used in the results are 
based on Table 3.

From the analysis of both indices, for the mean of UAB, the peak value of magni-
tude and intensity are presented for SPI12 and SPI4 of − 89.125 and − 3.02, respectively 
(Table 4).

Table 3  Climatic Moisture 
categories based on SPI and 
SPEI values (Shekhar & Shapiro, 
2019)

Categories SPI and SPEI values

Extreme Drought  ≤  − 2.00
Severe Drought  − 1.50 to − 1.99
Moderate Drought  − 1.00 to − 1.49
Normal 0.99 to − 0.99
Moderate Wet 1.00 to 1.49
Severe Wet 1.50 to 1.99
Extreme Wet  ≥ 2.00
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In Table  4, the drought intensity is severe (− 1.5 to 1.9) for three indices (SPI4, 
SPI12, and SPEI12) and moderate for SPEI4. Table  5 highlights the evolution of dry 
events for some significant cases over UAB in the past 34 years with an analysis of SPI 
and SPEI for 4 and 12 months. The table displays the drought characteristics observed 
in UAB.

From Table  5, one can also see the same result of moderate to severe droughts as 
observed in Table  4, except in one case (Hombole) in which extreme drought intensity 
of −  2.22 was observed between June 2002 and June 2003. The extended consecutive 
dry events for SPI-4 occurred in Addis Alem (10  months) from February to November 
1984. The dry event’s most prolonged continuous drought duration of 37 series months of 
drought duration was observed at Koka Dam station for SPI-12. For the SPEI-4 drought 
index, the maximum consecutive dry event was observed in Addis Alem and Kimoye for 
15 months. For SPEI-12, the long duration of the dry event was detected in Addis Ababa 
Bole, lasting for 27 months. Moreover, the highest intensity of SPI for 4 and 12 months 
was observed at Hombole (− 1.896) and Mojo (− 1.861), respectively. For the case of SPEI 
4- and 12-month timescales, the maximum intensity was observed in Addis Alem (− 1.773) 
and Tulu Bolo (− 1.987), respectively. Generally, in the basin, the maximum severity and 
intensity of − 49.37 and − 2.22 occurred from 1983 to 2016 at Addis Ababa Bole and Hom-
bole climate stations, respectively.

The threshold value used in this study to estimate the temporal and spatial variation 
of drought events in the basin is consecutively less than a threshold value (SPI ≤ − 1 and 
SPIE ≤ − 1). The spatial patterns of the frequency of dry cases of the SPI and SPEI for 4 
and 12 months are presented in Fig. 2.

From the spatial analysis of Fig.  2, the highest drought frequency was observed for 
SPEI4 (Fig.  2c) in the northwest and decreased in the eastern and southeast parts. The 
results of Fig. 2a indicate that the highest frequency of dry events for SPI-4 was observed 
over the past 34  years in the central northwest part of the basin (around Addis Alem, 
Kimoye, and Asgori), whereas the southwestern part (Hombole and Tulu Bolo) exhibited 
rare drought events. The remaining parts of the basin also observed a low frequency of dry 
events for SPI-4. For the long-term (SPI-12 shown in Fig. 2b), the study area experienced 
moderate drought frequencies in the western and southern parts and low frequency in the 
northeastern part. Figure 2d (SPEI-12) drought frequency was exhibited at the southeast-
ern tip of the basin. Except for the northeast and southwest, which experienced moderate 
drought frequencies, the rest of the basin had low drought frequencies of SPEI-12. From 
1983 to 2016, the basin experienced 12% to 19.8% moderate and above moderate drought 
frequencies in both SPI and SPEI for all the timescales. Overall, from Fig. 2a higher fre-
quency of drought events was observed for SPI4 and the SPEI4 almost in all parts of the 
basin.

As far as SPI4 is concerned (Fig. 2e), extreme droughts occurred 6 times from 1983 to 
2016 during 1984, 1987, 2001, 2008, 2009 and 2015. The time gap between consecutive 
drought years ranges from one to 6 years. The severe droughts for the same index occurred 
8 times (1986, 1991, 1994, 1995, 1999, 2000, 2013, and 2014). The severe drought had 
time gaps ranging from 1 to 12  years. Drought occurrence for years in a row tends to 
increase the time gap. For instance, after the severe drought years of 1994/1995, the next 
drought occurred 3 years later (in 1999). Similarly, after the drought years of 1999/2000, 
the next drought occurred after 12 years (in 2013). As far as this drought index is con-
cerned, the decade 2000–2009 had benign years compared to the 1990–1999 decade. SPI 
12 showed only 3 extreme cases (1988, 2015, and 2016) from 1983 to 2016 and 6 severe 
cases in 1984, 1985, 1995–1997, and 2002. The comparison of SPI4 with SPI12 indicates 
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that SPI12 occurred in about half of SPI4 in extreme and 75% in severe droughts. The two 
coincided with extreme drought in 2015 and severe drought in 1995.

SPEI4 analysis showed 4  years of extreme drought events (1987, 2009, 2015 and 
2016) and 7 years of severe drought events (1984, 1986, 1995, 1999, 2001, 2006 and 
2014). The SPEI12, on the other hand, showed 3  years of extreme drought events 
(1988, 2015 and 2016) and three years of severe drought events (1985, 2002 and 2003). 
SPEI4 and SPEI12 coincided in extreme drought events during 2015 and 2016 and no 
coinciding years in severe drought events. SPI4 and SPEI4 in extreme drought events 
showed coincidence in 1987, 2009 and 2015. In the case of severe drought events, 
the two coincided for 4  years (1986, 1995, 1999 and 2014). Whenever such coinci-
dences occur, it could be concluded that those years were drought years. The year 2001 
was an extreme drought year in SPI4 but was downgraded as a severe drought year 
by SPEI4. Comparisons of SPI12 and SPEI 12 indicate complete agreement in the 

Fig. 2  The spatial variability in drought frequency (%) in a SPI-4, b SPI-12, c SPEI-4, and d SPEI-12 of 
the ten stations of UAB (1983–2016)
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extreme drought event years 1988, 2015 and 2016. Thus SPI and SPEI gave the same 
result, and the years were drought years. In the case of severe drought, agreements 
were observed in 1985 and 2002. Moreover, 1984 and 1995–1997 had severe droughts 
according to SPI12 and only 2003 as far as SPEI12 is concerned.

3.3  Seasonal drought trend of the basin during 1983–2016

Figure  3 shows the historical seasonal trend of drought indices using Z-values and 
Sen’s slope estimators in the UAB. Note that in the analysis of the drought trend, the 
negative values of Z characterize drying tendency, whereas the positive indicates a wet-
ting trend. Even though there are drying trends in almost all stations, SPI4 and SPEI4 
do not show any significant increasing or decreasing drought trends in Belg (FMAM) 
season as indicated by Z-values except in Sendafa showed a significant increase in 
drought (SPEI4). Kiremt (JJAS) season SPI4 and SPEI4 drought trends show similar-
ity in almost all stations, except in the eastern part of the basin, where the SPI4 fails to 
show a significant decrease in SPEI shows a significant decrease in drought. SPI12 and 
SPEI12 show similarities in the north, west, and central parts and slight differences in 
the southeast. Overall, along the diagonal from southeast to northwest, there seems to 
be a reduction in drought while it is almost uniform for the other parts.

Fig. 3  Seasonal drought trend using SPI and SPEI from 1983 to 2016
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3.4  Future patterns of drought using SPI and SPEI and scenarios

The duration, severity, and intensity occurrence of the major dry (SPEI ≤ − 1) events over 
the basin during 2020–2100 are calculated and given in Table 6.

With scenario RCP4.5, the future trend shows a slight decrement in the intensity of 
drought in 5 out of the ten, intensity values are moderate, and even the ones categorized as 
severe are close to the moderate than extreme. Thus the overall trend shows more reduction 
in drought intensity than in the present or the past.

3.5  Future temporal patterns of drought using SPI and SPEI and RCP4.5 scenario

Table 7 highlights the evolution of dry events for some notable cases over UAB to analyze 
SPI and SPEI for 4- and 12-month of the RCP4.5 scenario from 2020-to 2100.

As shown in the table, prolonged duration of the dry event for SPI-4 that lasted 
17 months was observed in Ginchi. From the analysis of drought, the driest event for SPI-
12 was experienced from April 2021-June 2025 in Addis Alem, with the duration of occur-
rence persisting for 51 months for both SPEI 4- and 12-month timescale. The highest mag-
nitude and intensity of SPI and SEI for 4- and 12-month were also noted in Addis Alem 
and Koka dam stations at − 83.50 and − 2.37, respectively. Based on this scenario, the 
overall intensity of drought will increase severely and some extreme. SPI4 predicts extreme 
drought in four of the ten stations. SPEI4, on the other hand, predicts only in one of the ten 
stations. As far as SPI12 is concerned, only one of the ten stations will experience extreme 
drought, but none, according to the SPEI12. The result of SPEI is more optimistic in both 
cases.

3.6  Future temporal patterns of drought using SPI and SPEI and RCP8.5 scenario

The evolutions of dry events for some notable cases of SPI and SPEI for 4 and 12 months 
for the RCP8.5 scenario were analyzed over UAB (Table 8). The extended duration of the 
dry event for SPI-4 RCP8.5 will be detected at Tulu Bolo climate station at 29 months and 
for SPI-12 RCP8.5 in Koka Dam station (37 months). From the analysis of drought, the 
driest event for SPEI for 4- and 12-month timescales, the highest duration of dry events 
will be observed in Tulu Bolo (25 months) and Ginchi and Tulu Bolo (36 months), respec-
tively. Regarding the highest intensity of dry events for the highest scenario in the future, 
SPI-4 and SPI-12 will be detected in Addis Ababa Bole (− 2.348) and Humble (− 1.777) 
stations, respectively. Mojo (− 2.106) and Sendafa and Hombole will observe − 1.91 for 
SPEI-4 and SPEI-12 months. In the basin, the highest magnitude and intensity of − 46.13 
and − 2.35 will be observed at Tulu Bolo and Addis Ababa Bole stations, respectively, for 
the 4-month timescales.

According to SPI4 extreme drought, events will be observed in this scenario at four out 
of the ten stations. Prediction by SPEI4 indicates only one station (Mojo). Of the severe 
drought events predicted by the two, five are by SPI4 and seven by SPEI4. Most of the 
extreme dry events predicted by SPI4 are reduced to severe by SPEI4 prediction. None 
of the SPI12 and SPEI12 predicted extreme dry occurrence for all the ten stations. Severe 
drought occurrence will be observed in four out of the ten stations based on SPI12 and in 
five of the ten stations based on SPEI12. The two predict severe dryness in three stations 
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(Ginchi, Hombole, and Sendafa). The absence of extreme drought and the reduction in 
severe drought (only moderate dryness at four stations) indicates more wetness, which is an 
optimistic scenario for the basin.

3.7  Future spatial (RCP4.5) and temporal patterns of drought using SPI and SPEI

The spatial pattern of the frequency of dry cases for the SPI and SPEI for 4- and 12-months 
periods are presented in Fig. 4 from a-d for RCP4.5 and Fig. 4e for both scenarios, respec-
tively. In the case of SPI4_RCP 4.5 (Fig. 4a), drought frequency stayed low in the north-
west, southeast, and central area and moderated in the northeast and southwest during 
the projection year. SPI12 for the same scenario (Fig. 4b) showed high frequency in the 
northeast, moderate frequency in the northwest, central, and southeast, and low in the west. 

Fig. 4  The projected spatial changes in drought frequency (%) in a SPI4_RCP4.5, b SPI12-RCP4.5, c 
SPEI4-RCP4.5, and d SPEI12-RCP4.5 of the ten stations of upper Awash Basin from 2020 to 2100
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SPEI4_RCP4.5 (Fig. 4c) showed moderate drought in almost all stations, except for a few 
patches in southeast and northwest areas. On the other hand, SPEI12_RCP4.5 exhibited 
two distinct patterns: high frequency on the eastern side and moderate frequency on the 
western side with a clear northwest and southeast diagonal divide.

Comparing SPI4 with SPEI4 (Fig.  4a and c) and (Fig.  4b and d), one can see clear 
differences between the two in each case. The spatial prediction of SPI is more of mild/
moderate drought, whereas that of SPEI is more severe. The temporal evolution of SPI4_
RCP4.5 (Fig.  4e) shows six extreme drought events, out of which four will occur until 
2030. The remaining two will occur with a time gap of about 40 years (one around 2050 
and the other in 2092). Severe drought events will occur more frequently, but they also 
tend to have cyclic patterns. In the figure, the more frequent ones will occur in the 2030s, 
2050s, and 2060s. This scenario does not indicate any severe drought after that. The pre-
diction of SPEI4_RCP4.5 is almost identical to the SPI4_RCP4.5 with slight differences. 
SPEI4_RCP4.5, for instance, predicts two more extreme drought events (one in the 2030s 
and the other in the 2050s) that SPI4_RCP4.5 does not predict. SPEI12_RCP4.5 predicts 
no extreme drought event after 2030 even though severe drought continues to exist until 
2072.

3.8  Future spatial (RCP8.5) and temporal patterns of drought using SPI and SPEI

Scenario RCP8.5 by SPI and SPEI is shown in Fig. 5a–d. The temporal evolution is given 
in Fig. 5e.

Scenario RCP8.5 by SPI4 (Fig. 5a) reveals a decline in drought frequency from west 
to east, with the least frequency in the northeast. SPEI4_RCP8.5 (Fig. 5c) also shows a 
decline from west to east, but the frequency of occurrence is not as slow as the one pre-
dicted by SPI4_RCP8.5. SPEI with the same scenario (Fig. 5b) shows a reduction from 
east and west to the center. SPEI12-RCP8.5 (Fig. 5d) shows high to very high drought fre-
quency in the west, while it remains moderate for the rest of the watershed. A comparison 
of the two SPEI4 and SPEI12 shows that they both indicate similar trends, but the predic-
tion of SPEI4 is more optimistic than that of SPEI12.

SPI4_RCP8.5 shows only two extreme droughts until the beginning of the 2030s and 
none after that. The severe drought stays until the mid-2040s and none after that. SPI12_
RCP8.5 predicts a similar thing in extreme drought and ends the severe drought earlier (by 
the mid-2030s). SPEI4 and SPEI12 predict the end of extreme droughts in 2038 and 2032, 
respectively. For SPEI4, the severe drought lingers until the 2060s, whereas for SPEI12, it 
ends by the mid-2040s. Overall, the SPEIs predict worse conditions than the SPIs, even if 
they both predict a better future.

3.9  Future seasonal drought analysis (2020–2100) using RCP4.5 and RCP8.5 
and linked with global climate indices

Analysis of drought on a seasonal basis is important to know the variability of the flow of 
the Awash River. Since the watershed includes areas with bimodal rainfall, the contribution 
of FMAM (Belg) rainfall could help sustain the river’s flow during the dry season. Figure 6 
shows the future trends in the two rainy seasons and annually.

As far as the future means drought trend for both SPI and SPEI for the RCP4.5 scenario, 
both SPI and SPEI predict similar things. For FMAM (Belg) season, there will not be any 
significant trend for most stations. SPI4 showed increasing trends, whereas SPEI showed 
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only one with an increasing trend. Thus, there will not be a change in the future Belg sea-
son drought trend. The JJAS (Kiremt) season more or less dictates the annual trend since 
the two are showing similar trends of increasing Z-values for almost all of the stations in 
both SPI and SPEI. The differences between SPI4 and SPEI12 are in one station (Hom-
bole), where there are increasing trends in Kiremt and annual SPI4 but none in SPI4 and 
SPEI12 (Fig. 6).

Figure 7 shows the future trends in the two rainy seasons and annually.
For the RCP 8.5 (highest emissions), it is apparent from Fig.  7 that except in one 

station (Hombole for SPEI), a significant wetting trend was revealed for Belg, Kiremt, 
and annual during 2020–2100. From both RCP4.5 and 8.5 trends, analysis for SPI/SPEI 
depicts the decreasing mean drought events and wetting will increase in the entire basin. 
Unlike what was observed in the RCP4.5 scenario, the RCP8.5 scenario showed an 
increasing trend for the Belg season. This result agrees with the analysis of the temporal 

Fig. 5  The projected spatial changes in drought frequency (%) of a SPI4_RCP8.5, b SPI12-RCP8.5, c 
SPEI4-RCP8.5, and d SPEI12-RCP8.5 of the ten stations of upper Awash Basin from 2020 to 2100
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evolution of drought that showed drought events that show a decrease from 2060 to 
2100, but shortly, the evolution indicates the tendency of drought will increase.

In this study, attempts were made to see the links between the two drought indices 
(SPI and SPEI) with the global climate indices (IOD, SOI, and ENSO). Figure 8 shows 
how the drought indices and the global climate indices are related to the basin as a 
whole. The correlation is based on Pearson’s correlation coefficient (r).

Based on Fig. 8, the correlation between IOD and Belg season is positive. Similarly, 
there is a weak negative correlation with Kiremt season. Thus it can be concluded that 
the link between IOD and drought indices is weak for both seasons. The southern oscil-
lation index is positively correlated with Kiremt SPI4 and SPEI4, but a negative cor-
relation of lower magnitude with Belg season. ENSO (Nino3.4) seems to have a good 
positive correlation with Belg SPI4 and SPEI4, and a strong negative correlation with 
Kiremt SPI4 and SPEI4. Therefore, the dryness and wetness situations in the basin 
are more significantly associated with ENSO(Nino3.4). From the temporal plot of the 
annual and June to September (Kiremt) season, the statistically significant correlations 
between SPI/SPEI and Nino3.4 index are about negative 0.45 to negative 0.61 over the 
basin. This shows a drought occurrence increase in the basin. The short rainy season 
(Belg) of the basin has a reasonable positive correlation of 0.35 to o.36 that reveals 
under the El Nino phase (Nino3.4), there might be an increase in wetness events over 
the basin. In addition, the annual and Kiremt season has a positive (0.31 to 0.53) SOI, 
which indicates that under SOI, there might be an increase in wetness conditions for the 
area during the last 34 years.

Fig. 6  Future seasonal drought trend of SPI and SPEI for RCP4.5 during 2020–2100
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4  Discussion

In this paper, the SPI and SPEI at 4- and 12-months timescales were calculated using 34 
(1983–2016) and 81 (2020–2100) year-long series of rainfall, minimum and maximum 
temperatures over ten stations in the UAB. The analysis includes temporal (Fig.  2e, 
Tables 3 and 4), spatial (Figs. 2 and 3) drought events for the past, and temporal (Fig. 4e 
and 5e, Tables 6, 7 and 8), spatial (Figs. 4, 5, 6 and 7) for the future of the Basin. This 
study found that the SDSM reproduces temperature better than rainfall (Table 2), and 

Fig. 7  Future seasonal drought trend of SPI and SPEI for RCP8.5 during 2020–2100

Fig. 8  Links between seasonal and annual drought indices (SPI/SPEI) with global climate indices (IOD, 
SOI, and ENSO (Nino3.4))
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the result is consistent with the findings of (Hassan et al., 2014). Rainfall was also more 
overestimated during calibration and underestimated during validation than temperature.

Overall, for the 4-month analysis, dry events were dominant for both the two indices 
(SPI 4 and SPEI4). This study identified some of the known major drought events for SPI 
and SPEI at 4-month timescales and showed dominant drought years in 1984, 1987, and 
2015. These years coincided with Ethiopia’s severe and extreme droughts observed by 
Gebreyesus (2020) and Mekonen et  al. (2020). For the long time analysis, the SPI and 
SPEI were able to identify the years 1984, 1987, 1988, 2002, 2015, and 2016 as some of 
the major drought years in the study area (Fig. 2e). A consequence of this is the probabil-
ity that longer timescales are well appropriate for detecting historically significant events, 
whereas shorter timescales display numerous seasonal and inter-annual variations (Degefu 
& Bewket, 2015; Mekonen et  al., 2020). From this study, drought events of 4-month 
timescales happened more frequently but were of shorter duration than drought events 
of 12-month timescale. This finding is in agreement with Łabȩdzki (2007), Degefu and 
Bewket (2015), and Mekonen et al. (2020). Łabȩdzki (2007) also observed similar results 
in different parts of Ethiopia and the world.

The temporal evolution of the two drought indices (SPI and SPEI) for the short-time 
analysis indicates more moderate to extreme drought occurrences in the basin at the end 
of the twentieth century and the start of the twenty-first century (Fig.  2e). For the case 
of long-term analysis, which occurred less frequently, extreme droughts occurred in 1984, 
2015, and 2016 by SPI and SPEI -12. Extreme drought showed a more rapid increment 
in the basin than severe and moderate droughts. The short-time analysis confirmed that 
drought years in the basin in the last 34 years happened in 1984, 1987, 2001, 2008–2009, 
and 2015 and 1984, 1987, 2015–2016 for SPI4 and SPEI4, respectively. This finding is 
similar to the report of Ghebrezgabher et al. (2016) that over 10 million people suffered 
from a food shortage due to drought in Ethiopia in 2015.

The impact of drought depends on the severity, duration, and spatial extent (Funk 
et  al., 2008). In both SPI/SPEI for the 4- and 12-month time series, the most prolonged 
severe duration of drought events was displayed from 2002 to 2016 in spatial and temporal 
analysis. Generally, the result shows that the extended drought duration and magnitude of 
drought events were noted in the western parts and decreased in the eastern parts of the 
basin. The observed drying trend in the UAB over the study area could have been as of var-
iations in the tropical Indo-Pacific SST (Liebmann et al., 2014; Williams & Funk, 2011). 
The large-scale atmospheric circulation variations linked with a weaker West African mon-
soon may have contributed to the long-term drought occurrence (Hua et al., 2018; Lyon & 
Dewitt, 2012). Every 2.5 years on average occurred in the past 34 years in the basin for a 
short period and 5 for the long-term 12-month analysis.

Even though SPEI is one of the robust indices in evaluating dryness and wetness 
(Ayugi et al., 2020; Ghebrezgabher et al., 2016; Polong et al., 2019), in this study, SPI 
also captured the wetness and dryness events almost similar to SPEI. However, as SPEI 
considers calculating drought PET, it is good to use for drought characterization. These 
results are reliable to data found in East Africa and the Horn, which showed an increase 
in SPEI during severe and extreme dry events (Mekasha et  al., 2014). The extreme 
dry events may be related to the cycles of the El Niño-Southern Oscillation (ENSO) 
phenomenon (Rojas, 2020). During the Kiremt (JJAS) season in SPI, only three sta-
tions (Addis Alem, Koka Dam, and Mojo) showed a significant decrease in dry events. 
The annual trend of SPI showed a significant decrease in Addis Alem and Koka Dam, 
whereas in Addis Alem station significant decrease in the drying trend was observed in 
the SPEI drought index (Fig. 5). The annual drought trend test for SPI12 and SPEI12 
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showed an increasing trend of drought events except in the eastern and some parts of 
the northern basin. The increasing tendency of the annual drought was more signifi-
cant in SPEI than SPI SPEI12 shows a significant drought trend in Ginchi and Hombole 
stations.

The finding from the seasonal analysis indicates that the main rainy (crop) season JJAS 
(Kiremt) of the basin revealed a mixing trend, whereas, in the short rainy season, FMAM 
(Belg) of the basin showed increasing dryness events. Based on the report of Mohammed 
et al. (2020), increasing drought frequencies in several parts of the world are mostly associ-
ated with the lack of air temperature rise, precipitation, and atmospheric evapotranspiration 
demand. Therefore, this increase in an annual drought causes water stress for the basin’s 
crop production, hydropower production, domestic water supply, and irrigation activities. 
Based on the report of Mohammed et al. (2020), increasing drought frequencies in several 
parts of the world are mostly associated with the lack of air temperature rise, precipitation, 
and atmospheric evapotranspiration demand. Therefore, this increase in an annual drought 
causes water stress for the basin’s crop production, hydropower production, domestic water 
supply, and irrigation activities. In this case, our result is similar to Haile et  al. (2022), 
who found an overall increasing trend of drought from 1981 to 2016 in the Rift Valley 
sub-basin using the SPEI drought index. Therefore, it is likely that such relations exist with 
works with similar agro-ecological areas in East Africa, as Okal et al. (2020) found dry-
ness trends increase in most of the area. Increased dryness in some parts of the basin dur-
ing Kiremt has severe consequences on the production of sorghum, corn, and other crops 
in the basin (Temam et al., 2019). This implies agricultural production in the area will be 
affected.

The SPI and SPEI at 4- and 12-month timescales were simulated using SDSM on the 
RCP8.5 and RCP 4.5 scenarios from 2020 to 2100 over ten stations. The increasing dry 
events for the short and long term from 2020 to 2040 dominant for SPI and SPEI for the 
RCP4.5 indicates that the number of drought years increased dramatically at the UAB 
watershed (Table 6). This result agrees with Ayugi et al. (2021) who found that in the high-
land and lake regions of East Africa, there will likely be a decrease in drought occurrences 
in the future. The wetness will be observed from 2080 to 2100, whereas mixed dry and wet 
events experienced for around 20 years needs attention, as the basin is crucial for cropping 
and water resources. The common years during which more attention will be paid will be 
2024, 2029, 2050, and 2051. The wetness of the predicted basin from 2080 to 2100 may be 
because of the prediction of an increment of likely extreme rainfall events in East Africa 
(Ongoma et al., 2018).

For the case of the highest scenario (RCP8.5), the drought will be severely and 
extremely high between 2020 and 2040 for SPI and SPEI (Fig.  5). Okafor et  al. (2021) 
using the ensemble mean of the RCMs and considering RCPs 4.5 and 8.5 scenarios 
reported similar trends in which there will be a decrease in precipitation and significant 
warming from 2020 to 2049 in the Daso catchment of Burkina Faso. The highest drought 
was displayed by RCP8.5 than RCP4.5. Wet years will be observed from 2071 to 2100. As 
the report of Ongoma et  al. (2018) reported, almost all of East Africa will experience a 
positive change in rainfall, and the increase will be higher under the RCP8.5 scenario than 
under the RCP4.5 scenario. In this research in both RCP4.5 and 8.5, the SPEI has shown 
slightly more drought conditions in the future compared to the SPI, which indicates an 
increase in PET compared to rainfall. This finding is broadly consistent with the findings 
of Nguvava et al. (2019) and Haile et al. (2020), which found similar results in East Africa. 
These results differ from others (e.g., Ahmadalipour et al. (2017) and Feng et al. (2017)), 
even though they also used SPI and SPEI. This may be due to the quality of data used in 



977Temporal and spatial characteristics of drought, future changes…

1 3

this study, which is considered due to high resolution and combined/hybrid of station and 
satellite data.

In this study, the SPI and SPEI showed serious drought in the UAB from 1983 to 2016. 
For the case of the next 2020–2100 periods decreasing seasonal drought, a trend is dis-
played, but the drought in the basin is very serious in the future from 2020 to 2060. Gener-
ally, the risk of climate change because of its unpredictable variations in the future requires 
adapting food systems from climate change will require attention to more than just agri-
cultural production, and needs adaptation and mitigation actions for efficient management 
of climate change influences on food security requires investment at present (el Mokhtar 
et al., 2019). Based on the evaluation of two drought indices for Kiremt and annual, future 
trends for SPEI_RCP4.5 showed a significant decrease in droughts except for Hombole sta-
tion. For the Belg season, most climate stations displayed a non-significant trend for both 
SPI and SPEI except Koka Dam and Sendafa for SPI and Tulu Bolo for SPEI, which exhib-
ited a significant decrease in dryness trends. However, the highest scenario, RCP8.5, indi-
cates for both SPI and SPEI a significant decreasing trend of dryness events in the future 
in all three (Kiremt, Belg, and annual). Other studies in the basin have not previously indi-
cated such a result. The present study raises the possibility that in the future, wetness will 
increase and severe droughts will decrease. These results are in harmony with recent stud-
ies showing that East Africa will show a wetter climate with more intense wet seasons and 
less severe droughts (Cook et  al., 2020; Shongwe et  al., 2011) Moreover, Spinoni et  al. 
(2020) also found an expected significant rainfall increase in East Africa over the following 
few decades in answer to increased greenhouse gases.

4.1  Link of seasonal (SPI4/SPEI4) and annual (SPI/SPEI12) drought indices 
with the global climate indices

The temporal correlation of seasonal and annual with Nino3.4 and SOI indicates that SPI 
and SPEI over UAB correlate with ENSO (Nino3.4) and SOI. The variability of Belg and 
Kiremet season droughts in the UAB correlated with global climate indices, such as SOI 
and ENSO (Nino3.4). This finding agrees with the Woldegebrael et al.’s (2020) report that 
the Nino3.4 events are associated with the Belg and the main crop season Kiremt in Ethio-
pia. The association between Nino3.4 and SOI years can be useful for early warning in the 
main crop season (Kiremt).

4.2  Possible drivers, implications, and mitigation strategies for future drought 
hazards

Analyzing the historical drought and understanding projected spatiotemporal change in 
future drought patterns in UAB is crucial for policymakers and stakeholders to take miti-
gation measures earlier. The projected drought hazards affect the rainfed agricultural, 
socioeconomic activities, and water resources of society and the environment. Detecting 
the past and future projected drought in terms of duration, frequency, severity, intensity, 
and drought causes helps design a mitigation strategy. The projected future drought risks 
due to future climate change would cause regional to global terrestrial lands damages like 
East Africa and particularly UAB, and from time to time, it is seriously challenging rain-
fed agriculture and water resources under the existing increase in the greenhouse gas con-
centrations and warming of the climate system. Thus, prevention measures that should be 
taken in terms of different early warning systems and facilities derived from policies and 
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strategies for the policymakers like minimizing man-made effects and rehabilitation action 
to protect from environmental degradation may be some of them. Even though the mag-
nitude/severity, duration, and frequency of drought in the area spatially are different, the 
observed impact of drought was will happen in Ethiopia in the near future, particularly in 
UAB.

To prevent the future risk of drought, different mitigation measures, like better water 
resources management strategies, building a drought-resilient economy, and inclu-
sive implementation of environmental rehabilitation approaches, are some of the crucial 
(Gebrechorkos et al., 2019; Haile et al., 2020; Sheffield et al., 2014). As the basin is impor-
tant for rainfed agriculture, water supplies for urban, industries, and irrigation thus, bet-
ter preparedness for the future sustainable drought strategy and approaches by considering 
both local and global drivers are applied through designing policy with the advice of stake-
holders. In addition, adaptation and mitigation priorities, strategies for water recycling, and 
community infrastructures in the UAB and other parts of the country especially the high-
land area of Ethiopia are vital.

5  Conclusion

The current study found that in the UAB, there was increased seasonal and annual dryness 
from 1983 to 2016. The research has shown that the drought event, duration, frequency, 
severity, and intensity in most climate stations have increased spatial drought change pat-
terns during the same year. The droughts were mostly moderate to severe, with very few 
extreme cases. Droughts that lasted 4 months were more frequently observed than those 
that lasted 12  months. In the analysis, SPI mostly underestimated drought compared to 
SPEI, which better represented both severe and extreme droughts. Even though SPI and 
SPEI could capture the evolution of drought in identical years, there were also times 
when SPEI made a significant difference from SPI while displaying extreme and severe 
droughts. This indicates the necessity to use both or SPEI instead of SPI when either one 
is used alone. Based on the future evolution in the two (RCP4.5 and RCP8.5) scenarios, 
the dryness condition will continue at least shortly up to the 2030s and mid-2040s as far 
as extreme severe dryness is concerned, respectively. However, in the future projection 
of the seasonal and annual analyses, dry events will decrease from 2050 onwards. Future 
projection by RCP4.5 and RCP8.5, especially concerning the 12-month drought, indicates 
more droughts in the north and eastern part of the basin than in the rest. The projection 
of the 4-month drought will also be more frequent but milder than the drought that lasts 
twelve months. Out of the two scenarios, the highest intensity and extended drought soon 
are captured by RCP8.5 than RCP4.5. The basin spatially experiences severe and extreme 
droughts in most areas in the near future and reduction start from 2040 and onward. Higher 
drought changes are likely to occur in western and northeastern, while the central part of 
the basin is expected to have lower drought changes during 2020–2040 in UAB.

In addition to the local driving forces that influence drought occurrences, the result 
of this study found that IOD, SOI, and ENSO (Nino3.4) have an impact in the area. The 
observed periodicity of dryness/wetness over the UAB agreed with the negative/positive 
phase of SOI/ ENSO (Nino3.4) during Belg and the positive/negative phase during Kiremt 
(SPI4/SPEI4). The evidence from this study suggests that classified drought projection in 
different future periods is key for minimizing and early coping of climate change impacts 
on drought-like 2020–2040, 2041–2060, and 2061–2100. The present study confirms some 
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previous findings in East Africa and contributes additional evidence that suggests devel-
oping basin-wide targeted interventions aimed at protecting livelihoods and the environ-
ment from drought hazards soon (2020–2040) that the agriculture and water resources 
would affect. However, at the end of the 21st-century, dryness would decrease and wetness 
increase. From this result, another extreme might happen like a flood, so more attention 
must also be given to the end of the twenty-first century as drought in the near future. Taken 
together, these findings are useful for better preparedness for the future sustainable drought 
strategy and applying adaptation and mitigation priorities, strategies for water recycling 
and rehabilitation, community infrastructures in the UAB and other parts of the country, 
especially the highland area of Ethiopia, as the basin is important for rainfed agricultural, 
water supplies for urban and industries and irrigation. The result, therefore, provides valu-
able evidence on local drought frequency, duration, magnitude/severity, intensity, trend, 
and the global driver’s consequence on drought incidents in the UAB. The outcomes of this 
study can be used as a baseline for other basins with similar agro-ecological environments. 
Taken together, these findings are useful to better the future sustainable drought strategy 
development and apply adaptation and mitigation priorities that are aimed at protecting the 
society and the environment from drought hazards soon (2020–2060) that the agriculture 
and water resources would affect. It is suggested that more research be undertaken in the 
characterization of projected socioeconomic drought affected by climate change, risk man-
agement assessment, and changes in rainfall and temperature extremes. For future projec-
tion, the statistical downscaling method was used. So, one can try in the future using the 
dynamic downscaling method for comparison purposes.
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