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Abstract
Drought is one of the most devastating phenomena that affect the livelihood of most communities in Ethiopia as they have 
low adaptive capacity. Recent advancements in remote sensing and drought investigations have made it possible to identify 
a new type of flash drought that has rapid intensification with a short duration (i.e., less than 1 month unlike conventional 
droughts). This study intends to identify flash drought in the Awash River Basin (ARB) based on Moderate Resolution Imag-
ing Spectroradiometer (MODIS) data of actual evapotranspiration and potential evapotranspiration using Evaporative Demand 
Drought Index (EDDI) and Evaporative Stress Index (ESI) indices. The flash drought result exhibited that agricultural 
lands, grasslands, vegetation areas, and irrigational croplands along the river were vulnerable to flash drought in the ARB. 
Using ESI, the area of ARB that experienced flash drought in 2002, 2008, 2009, 2012, and 2015 were 23%, 40%, 20%, 40%, 
and 24%, respectively. These intense flash drought areas can be used as drought monitoring sites. The flash drought extent 
of EDDI is more compared to ESI because of ESI’s dependency on vegetation coverages and soil moisture. The lowland 
downstream part of the ARB is highly prone to flash drought, particularly in the major rainy season (MRS) and the last two 
months of the minor rainy season (mRS). EDDI can discern the onset of flash drought better compared to ESI, but both can 
be used as a drought early warning mechanisms to minimize agricultural losses and drought-associated risks in the basin.

1  Introduction

Drought is a complex climate extreme phenomenon mostly 
caused by a prolonged period of rainfall deficit (meteoro-
logical drought) followed by soil moisture deficit, which in 
turn leads to a loss of streamflow and water shortage (Wil-
hite 2002; Van Loon 2015; Wilhite and Pulwarty 2017). It 
is one of the most devastating natural disasters due to its 
consequence on agricultural activities and water resources 
and has resulted in severe economic, environmental, and 
societal problems worldwide. Past studies have indicated 
that Ethiopia has been plagued by frequent, severe, long-
lasting, and catastrophic droughts that influence the lives 
of millions of people through crop failure, water shortage, 
conflict, epidemics outbreaks, and death of human and live-
stock (Mera 2018; Gebremeskel et al. 2019). For instance, 
in 2008 alone about 26000 livestock were lost in Borena 
district only, 14 million people were affected and the cost 
of humanitarian aid was estimated to be $1077.8 million 
(World Bank 2017; Mohammed et al. 2017). In recent years, 
the frequency and severity of droughts have increased in 
Ethiopia, which resulted in huge economic losses in 2002, 

Highlights   
• Flash drought identification is essential for drought early 
warning and monitoring.
• EDDI’s identification of a flash drought is more extensive than 
ESI’s.
• Agropastoralists in the downstream basin were particularly 
vulnerable to flash droughts.
• Areas of grassland were hotspots for severe flash drought that 
can be used as monitoring sites.
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2003, 2004, 2005, 2006, 2008, 2009, 2011, 2012, 2015, and 
2016 (MacDonald et al. 2019; Liou and Mulualem 2019; 
USAID 2018; Suryabhagavan 2017; El Kenawy et al. 2016; 
Masih et al. 2014; Mays 2014; Viste and Sorteberg 2013). 
These recent increases in drought severity and frequency 
in Ethiopia may be highly associated with global warming 
(Mera 2018; El Kenawy et al. 2016).

Conventional droughts are generally slowly developing 
and receding phenomena with various longevity causing 
substantial socioeconomic impacts as their most common 
characteristics (Wilhite and Pulwarty 2017; Svoboda et al. 
2002; Wilhite 2002). However, current studies have revealed 
a new type of flash drought, which has been defined based 
on its rapid rate of intensification (Ford and Labosier 2017; 
Ford et al. 2015) or short duration from days to weeks due to 
atmospheric anomalies of rainfall deficit and high tempera-
ture that may further lead to soil moisture deficit (Yao et al. 
2018; Zhang et al. 2019; Mo and Lettenmaier 2016; Hobbins 
et al. 2016; McEvoy et al. 2016; Otkin et al. 2014). Otkin 
et al. (2018), which has distinct characteristics, unlike con-
ventional drought properties of long-lastingness. According 
to Otkin et al. (2018), flash drought can be identified based 
on its rapid rate of intensification (i.e., flash part) and mois-
ture limitation (i.e., drought part). The onset and propagation 
of flash drought can occur rapidly when atmospheric anoma-
lies such as rainfall deficit and high temperatures persist for 
several weeks (Christian et al. 2019a, 2019b; Svoboda et al. 
2002). Flash drought has been largely affecting crop yields, 
water resources, natural ecosystems, and soil moisture 
(Christian et al. 2019a, 2019b). Flash droughts can be easily 
intensified by human-induced climate change or increasing 
temperature and monitoring flash drought is indispensable to 
developing drought early warning systems that can minimize 
agricultural and economic losses. Detecting and monitoring 
the likely occurrences of flash and long-lasting droughts can 
help to minimize the disastrous impacts of droughts. Flash 
drought evaluations should be incorporated into conven-
tional drought monitoring programs for early warning and 
proactive measures to lessen the overall drought risk.

High rainfall variability and low adaptation capacity have 
been the main challenge in Ethiopia, which impacts agricul-
tural productivity causing severe food security problems in 
the entire country (Gebissa and Geremew 2022). Improv-
ing climate extreme analysis and climate information/
services for smallholder farmers are essential to increase 
agricultural production with effective adaptation strate-
gies against extreme events. However, studies that quantify 
climate risks and provide climate services with adaptation 
strategies for smallholder farmers are very limited in Ethio-
pia. Without climate information to support drought watch, 
various extents, frequencies, and severities of droughts 
have caused great socioeconomic impacts on the livelihood 
of the ARB. Recent developments in remote sensing and 

drought research have shown possibilities to identify a new 
type of flash drought that has rapid intensification within a 
short duration (e.g., days, weeks) unlike the conventional 
drought lasting longer than one month. Since EDDI and ESI 
indices are highly sensitive to climate variables (e.g., tem-
perature and rainfall), they can be applied to access climate 
change impacts and also serve as precursors for conventional 
droughts by detecting flash droughts. Therefore, character-
izing and identifying flash drought areas with EDDI and 
ESI have the advantages to provide valuable information 
for climate services and adaptation decision-making. For 
example, flash drought hotspots can be identified by both 
indices as vulnerable areas for drought impacts and require 
considerations for deploying monitoring instruments to 
detect the onset of future droughts. Smallholder farmers in 
the ARB are aware of increasing temperatures and the anom-
alous nature of rainfall, as well as their agricultural activi-
ties and productions have been compromised by frequent 
droughts. Considering drought in changing climate that may 
increase risks of food security in the ARB, developments 
of adaptation pathways should be informed with quantita-
tive drought extents, frequencies, and severities. In addition, 
drought-monitoring instruments should be deployed in flash 
drought-prone areas to detect drought onset and to support 
predictions of drought longevity.

Droughts have been frequent and catastrophic in the Great 
Rift Valley, eastern, and southeastern parts of Ethiopia, 
where the Awash River basin (ARB) is located (Thomas 
et al. 2019; Mera 2018; Shiferaw et al. 2014). The ARB is 
the most populated and utilized basin in the country, which 
has been seriously affected by water scarcity and recurring 
droughts causing problems with food security (Hailu et al. 
2017; Adeba et al. 2015; Edossa et al. 2010; Murendo et al. 
2010). In recent years, better understanding, identification, 
and monitoring of droughts have been available by utiliz-
ing new technological advancements such as remote sens-
ing products and drought indices (Yu et al. 2019; Christian 
et al. 2019a, 2019b; Otkin et al. 2018). Satellite datasets are 
cost-effective, vital in areas where ground-based datasets 
are not adequate, and important to provide better spatial 
information relative to observed data that requires interpola-
tion (Sun et al. 2018; AghaKouchak et al. 2015). Therefore, 
monitoring and identifying flash drought using advance-
ments in remote sensing outputs and newly developed flash 
drought indices is vital for the improvement of agricultural 
productivity.

Studies in Ethiopia or ARB have been mostly analyz-
ing conventional droughts using indexes like SPI, VCI, and 
NDVI with rather less attention on the rapidly evolving 
flash droughts (MacDonald et al. 2019; Mera 2018; Surya-
bhagavan 2017; Edossa et al. 2010). Moreover, the effect 
of global warming was not well characterized by most of 
the previous drought indices. Recently, new drought indices 
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have been proposed with information on atmospheric water 
demand or increasing temperature. Among those new indi-
ces, both Evaporative Demand Drought Index (EDDI) and 
Evaporative Stress Index (ESI) are highly sensitive to several 
climate variables including temperature, rainfall, and soil 
moisture, which are important to characterize rapidly evolv-
ing drought events (Pendergrass et al. 2020; McEvoy et al. 
2016; Otkin et al. 2014; Vicente-Serrano et al. 2010). In this 
study, we aim to identify flash drought using both ESI and 
EDDI drought indices. The commonly used drought index 
of Standardized Precipitation Index (SPI) calculated with 
rainfall data will be compared with both ESI and EDDI to 
examine whether the satellite data is applicable to better 
characterize drought in the basin or not. The objectives of 
this study include (1) validating the satellite output with SPI 
and evaluating flash drought in ARB using ESI and EDDI 
drought indices; (2) examining flash drought intensity; and 
(3) identifying flash drought hotspot areas in the basin. For 

the sake of clarity and to read it easily, dominantly used 
abbreviations are presented in Table 1.

2 � Dataset and methods

2.1 � Study area

The ARB lies in the east-central part of Ethiopia between 
7°52′–12°N and 37°57′–43°25′ E as shown in Fig. 1a. The 
Awash River has a length of 1200 km and a basin area of 
about 116,374 km2 with an irrigation potential of 205,400 
hectares (Dost et al. 2013). The elevation of ARB ranges 
from 215 to 4185 m with the Awash River originating from 
the central highlands and meeting the Red Sea at Lake Abbe 
near Djibouti (Fig. 1b). About 24 million population (18 M 
people and 6 M livestock) are assessed to live in the ARB 
along with the major industries in big cities including the 

Table 1   Abbreviation

Abbreviation Full name Abbreviation Full name

 ARB Awash River Basin EDDI Evaporative Demand Drought Index
MODIS Moderate Resolution Imaging Spectroradiometer ESI Evaporative Stress Index
AET Actual evapotranspiration SPI Standardized Precipitation Index
PET Potential evapotranspiration MRS Major rainy season, Jun-Sep (JJAS),
mRS Minor rainy season, Feb–May (FMAM)

Figure 1   Study area location map: a Africa, Ethiopia, ARB; b Meteorological stations, Lakes, mean elevation, major rivers in the ARB
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capital city of Addis Ababa, which makes the ARB the most 
utilized basin in the country (Hailu et al. 2017).

Due to distinct seasonal rainfall amounts, the ARB has 
three seasons: (i) the main rainy season (MRS), nationally 
called “Kiremt” from Jun-Sep (JJAS), (ii) the minor rainy 
season (mRS), nationally known as “Belg” from Feb-May 
(FMAM), and (iii) the dry season, also called “Bega” from 
Oct to Jan (ONDJ) (Degefu et al. 2017). In addition to the 
rotation of the Earth around the sun, the monsoon system, 
and atmospheric circulation, the rugged topography also 
plays a significant role in affecting regional rainfall distri-
bution (Viste 2012).

As indicated in Fig. 2, based on data from 1986 to 2016, 
the mean annual rainfall in the upstream and northwestern 
peripheries of the basin is relatively high that varies from 
varies from 900 to 1300 mm. Similarly, the major rainy sea-
son rainfall is also comparatively high in the upstream and 

northwestern peripheries of the basin that varies from 620 
to 930 mm, whereas the minor rainy exhibited high rain-
fall in the northwest and southern peripheries of the basin. 
The highest monthly rainfall is indicated in July and August 
which is about 200 mm. The highest rainfall in most of the 
areas and seasons are associated with elevation and high 
elevated areas showed high rainfall compared to the lowland 
areas.

2.2 � Data

2.2.1 � MODIS data

The potential evapotranspiration (PET) and actual evap-
otranspiration (AET) data measured by the Moderate 
Resolution Imaging Spectroradiometer (MODIS) aboard 
the Terra satellite of the National Aeronautics Space 

Figure 2   Spatial average annual and seasonal rainfall distribution of ARB (from 1986 to 2016): a annual rainfall, b average monthly rainfall, c 
major rainy season rainfall, and d minor rainy season rainfall
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Administration (NASA) were obtained from the United 
States Geological Survey (USGS) web service (https://​
e4ftl​01.​cr.​usgs.​gov/​MOLT/​MOD16​A2.​006/). The MODIS 
Terra dataset of MOD16A2 with an 8-day temporal scale 
(8-day average) was used in this study with a spatial reso-
lution of 500 m (Running et al. 2017a, 2017b). The down-
loaded .TIF format data was processed using R and Arc-
GIS software. The AET and PET data used for this study 
were obtained from 2002-2017. The MOD16A2 product 
of AET was computed using the Penman-Monteith equa-
tion, while the Priestley–Taylor equation was used to 
calculate the PET (Mu et al. 2007; Mu et al. 2011). The 
detailed flow chart for generating AET and PET products 
of MOD16A2 can be found in the MODIS user’s guide 
(Running et al. 2017a, 2017b; Priestley and Taylor 1972).

2.2.2 � Observed meteorological datasets

The observed rainfall data for 15 years (2002–2016) were 
obtained from 35 stations of the National Meteorological 
Institute (NMI), Ethiopia (Fig. 2). The data obtained from 
NMI were preprocessed and quality-checked.

2.3 � Flash Drought Indices

2.3.1 � Evaporative Stress Index

Based on the definition of flash drought given by Otkin 
et al. (2018), a methodology of characterizing flash drought 
suggested by Christian et al. (2019a, 2019b) was adopted 
in this study (Fig. 3). Unlike slow-developing conventional 
droughts to be examined in monthly or longer time scales, 
flash drought investigation should be carried out in shorter 
time scales such as daily and weekly. Drought indices of 
the Evaporative Stress Index (ESI) and EDDI were used to 
identify flash drought based on the MODIS Terra products 
of average weekly AET and PET in this study. The MODIS 
data were processed from 2002 to 2017 with flash drought 
analysis carried out in selected recent drought years.

The ESI is computed as a ratio of AET to PET (Anderson 
et al. 2016; Sur et al. 2015; Anderson et al. 2011). It is defined as

The ESI is further standardized to be the Standardized 
ESI (SESI) computed as

(1)ESI =
AET

PET

Figure 3   General methodology 
of flash drought based on ESI 
and EDDI

Weekly AET, PET Weekly PET

ESI=AET/PET EDDI=PET 

∆SSESI /∆SEDDI< 0, at least for five pentads/weeks
Not Flash Drought

NO

∆SSESI /∆SEDDI, weekly <40%

Mean ∆SSESI /∆SEDDI, entire weekly <25%

Final SESI/EDDI<20%

NO

NO

NO

Yes

Yes

Yes

Flash Drought

Yes

https://e4ftl01.cr.usgs.gov/MOLT/MOD16A2.006/
https://e4ftl01.cr.usgs.gov/MOLT/MOD16A2.006/
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where the ESI and the σESI stands for the average and the 
standard deviation of ESI, respectively, for the whole study 
period from 2002 to 2017. In practice, standardization is a 
useful process for a more easy and robust comparison of dif-
ferent climatic regimes and growing seasons over multiple 
years (Christian et al. 2019a, 2019b).

Additionally, the standardized ESI change (ΔSSESI) 
anomalies were computed over selected weeks:

where the ∆SSESI is the standardized change in SESI, 
the ∆SESI is the change in SESI, the ΔSESI is the aver-
age change in SESI for the entire period investigated in this 
study and the σ∆SESI is the standard deviation of the SESI 
considering all available years in the dataset.

The ESI is sensitive to moisture stress that indicates 
terrestrial water availability (Zhang et al. 2019). The ESI 
value ranges from zero to one that is associated with dry-
ness or wetness conditions of the land surface. The larger 
(positive) ESI means the atmospheric demand of evapo-
transpiration is well fulfilled by vegetation and exist-
ing soil moisture, whereas the lower (negative) means 
the land surface hardly fulfilled any of the atmospheric 
evaporative demand (Christian et al. 2019a, 2019b). The 
positive ESI value indicates less or no drought occur-
rence, whereas the negative ESI value shows the occur-
rence of drought for a given location and period (McEvoy 
et al. 2016). Normalization by PET helps to minimize the 
AET variation due to the seasonal difference of available 
energy as well as vegetation coverage, which provides 
weightage to currently available moisture for the vegeta-
tion regardless of previous moisture conditions (Farah-
mand 2016; Anderson et al. 2016).

2.3.2 � Evaporative Demand Drought Index

The Evaporative Demand Drought Index (EDDI) is a newly 
proposed drought index that only relies on potential evapo-
transpiration (PET) (Hobbins et al. 2016). It measures the 
drying potential of the atmosphere that induces vegetation 
stress on the ground (McEvoy et al. 2019). In other words, 
it is used to monitor the atmospheric evaporative demand 
that leads to the onset and development of droughts when 
extreme atmospheric anomalies like high temperature or 
rainfall deficits persist for several weeks (Christian et al. 
2019a, 2019b). EDDI is a useful index to indicate rap-
idly evolving (developing over a few weeks) and sustained 
(months or years) drought events (Hobbins et al. 2016). It 

(2)SESI =
ESI − ESI

�
ESI

(3)ΔSSESI =
ΔSESI − ΔSESI

�
ΔSESI

is highly recommended for flash drought analysis because 
of its inter-dependency on rainfall, soil moisture, and 
topography (McEvoy et al. 2019). Moreover, recent stud-
ies have shown that places around the world have been 
experiencing more frequent drought because of the rising 
global temperature (Ford et al. 2015; Otkin et al. 2014; 
Zhang et al. 2019). EDDI can easily indicate the early onset 
and development of rapid drying conditions prior to other 
indicators namely, rainfall, soil moisture, and AET (McE-
voy et al. 2019). First, PET was standardized like that of 
SESI, which is computed as follows (Hobbins et al. 2016):

where EDDI represents standardized PET, PET represents 
the potential evapotranspiration on a weekly time scale, PET  
is the long-term mean of weekly PET from 2002 to 2017 and 
σPET is the standard deviation of long-term PET. Secondly, 
the standardized PET (EDDI) change anomalies were com-
puted over specific weekly intervals:

where, ∆SEDDI is the standardized change in EDDI, 
∆EDDI is the change in EDDI, ΔEDDI  is the average 
change in EDDI for all years available in the dataset, and 
σ∆EDDI denotes the standard deviation of EDDI for all years 
available in the dataset.

Based on the approach proposed by Christian et al. 
(2019a, 2019b), a flash drought phenomenon is identi-
fied to have (1) a minimal length of five negative SESI 
/EDDI changes, correspondent to a length of six weeks 
(i.e., 30 days), (2) a final SESI/EDDI value below the 
20th percentile from the average SESI/EDDI, (3) week-
to-week changes in SSESI/SEDDI must be below the 
40th percentile between individual weeks, and (4) the 
mean changes in SSESI/ SEDDI must be below the 25th 
percentile for the entire weeks. It is noted weeks are 
equal to pentads in their approach. The earlier two cri-
teria focus on drought impacts on vegetation related 
to soil moisture depletion that fulfills the drought 
component, whereas the final two focus on the speedy 
intensification to fulfill the flash component of drought 
(Christian et al. 2019a, 2019b). A minimum of six pen-
tads were suggested to smooth out the short-term fluc-
tuation in SESI/EDDI and to eliminate the short-term 
dry spells. The SESI/EDDI value below the average for 
a longer period of time that is below the 20th percen-
tile threshold fulfill the drought component. The third 
criterion (40th percentile) threshold is less strict and 
it is used to isolate deteriorating conditions (< 40th 
percentile) from that of improving conditions (>40th 

(4)EDDI =
PET − PET

�
PET

(5)ΔSEDDI =
ΔEDDI − ΔEDDI

�
ΔEDDI
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percentile) in individual pentads. Moreover, it is pos-
sible that some weeks in SESI/EDDI will exhibit very 
quick development, whereas others will experience 
slower intensification. However, these issues in the 
third criterion can be corrected by the average change in 
SSESI/SEDDI must be below the 25th percentile during 
the flash drought event (Christian et al. 2019a, 2019b).

2.3.3 � Standardized Precipitation Index (SPI)

The Standardized Precipitation Index (SPI) index proposed 
by McKee et al. (1993) to characterize rainfall deficit in 
multiple time scales was used to detect drought for dif-
ferent areas (Munagapati et al. 2018). Several studies in 
Ethiopia have used the SPI to evaluate meteorological 
droughts (Teweldebirhan et al. 2019; Suryabhagavan 2017; 
Zeleke et al. 2017; Viste and Sorteberg 2013). Since SPI 
is normalized to the required location with various time 
scales, it is commonly accepted and applied worldwide for 
different applications (Masih et al. 2014). The SPI is not 
only flexible but also solely requires rainfall data making 
it suitable for complex topography and climatic regions (El 
Kenawy et al. 2016). The standardized or normalized aver-
age monthly rainfall data obtained from 35 meteorological 
stations of the ARB was used to compute the SPI values 
and then compared with MODIS-based ESI and EDDI 
drought indices for verification. Correlations between the 
SPI and the ESI and the EDDI were evaluated to check 
how the ESI and EDDI indices obtained from the MODIS 
data were capable to characterize droughts in the basin.

As shown in Table 2, the EDDI, SPI, and ESI drought 
severity classes were scaled on constant and equal ranges. 
These drought severity classes are used to describe the 
extent or magnitude of drought events over the ARB.

3 � Results and discussion

3.1 � Pattern of AET and PET in Awash River Basin

Figure 4 presents the spatial distribution of monthly aver-
age AET and PET in the ARB using MODIS products 
from 2002 to 2017. High monthly average AET that var-
ied in a range of 0.5 to 5 mm/day was observed in the 
upstream, northwest, and southwest peripheries of the 
basin with a high basin area of 58.5% (68085.7 km2) in 
August and reduced to the coverage area of about 31.6% 
(35253.2 km2) in February (Fig. 4a). On the other hand, 
the AET in the downstream (semi-arid to arid) part of the 
basin had a range of 0 mm/day to 0.5 mm/day for a high 
basin area of 57.5 % (66923.3 km2) in February, while it 
was low in August covering 27.9% (32473.3 km2) of the 
basin area. Specifically, the highest monthly average AET 
in a range of 3 to 5 mm/day was observed in the forested 
and shrub-lands of the upstream basin with coverages of 
2934.4 km2 in September and 881.6 km2 in August and 
the lowest coverage in March (74.5 km2). The AET in a 
range of 1.5 to 5 mm/day was high in August, September, 
and October and covered 33.8% (39380.9 km2), 32.4% 
(37700.5 km2), and 19.8% (23029.1 km2) of the basin 
area, respectively, and it had the lowest coverage of 3% 
(3095.5 km2) in March. Because of the sufficient rainfall 
in the MRS, the growth of agricultural crops and natural 
vegetation cover in the upstream, northwest, and southwest 
peripheries of the basin, which explain the larger monthly 
AET as compared to the downstream part of mostly arid 
or semi-arid bare land with inadequate rainfall. In most 
of the basin, the lowest AET range of 0 to 1 mm/day was 
observed in December, January, and February months. The 
spatial pattern of AET in the ARB is highly correlated 
with the spatial patterns of rainfall such that the elevated 
and high rainfall (humid) area of the basin shows the high-
est AET relative to the downstream low rainfall (arid, 
semi-arid) part of the basin.

As shown in Fig. 4b, the spatial pattern of PET is con-
trary to that of AET such that the highest PET is exhibited 
in the downstream or central part of the basin and the 
lowest PET is shown in the upstream part of the basin. 
The spatial pattern of PET corresponds to the tempera-
ture pattern, while the AET pattern resembles rainfall. The 
monthly spatial PET of the entire basin was in the range of 
2 to 10.5 mm/day. The lowest PET range of 2 to 4.5 mm/
day was exhibited in June, July, August, and September 
with a basin area of 212.7 km2, 9316.6 km2, 5449.3 km2, 
and 258 km2, respectively, which mainly occurred in the 
upstream basin (i.e., low temperature due to high eleva-
tion) during the MRS (i.e., high rainfall). The highest PET 
with a range of 9.5 to 10.5 mm/day occurred in May and 

Table 2   Drought severity classes of drought indices values (McKee 
et al. 1993)

Drought condition SPI / ESI/ EDDI

Extreme drought ≤ −2
Severe drought −1.5 to −1.99
Moderate drought −1.0 to −1.49
Near normal Mild drought −.99 to −0.5

Normal −0.5 ≤0 ≤ 0.5
Mild wet 0.5 to .99

Moderate wet 1.0 to 1.49
Very wet 1.5 to 1.99
Extremely wet ≥2.0
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June mainly found in the downstream basin covering 17.4 
% (20299.2 km2) and 21.9 % (25492.7 km2) of the basin. 
Afterwards, the PET range of 8.5 to 9.5 mm/day occurred 
in March, April, May, September, and October with the 
basin area of 31.9 % (37131.7 km2), 31.4 % (36573.6 
km2), 29.9 % (34818.5 km2), 27.3 % (31732.1km2), and 
26.2 % (30532.6 km2), respectively. Overall, the highest 
PET occurred in the downstream basin mainly covered by 
rangeland (grassland). Similar to those observed in AET, 
the lowest PET occurred in December and January due 
to the lowest temperature throughout the entire basin. It 
is noted the white color in the spatial map without AET 
and PET values were caused by urban areas, barren lands, 

sparse vegetation (rock, tundra, desert), and cloud cover-
age of MODIS satellite images.

3.2 � SPI comparison with ESI and EDDI

The most widely used SPI drought index was computed 
using the basin average rainfall from 35 meteorological 
stations. The basin monthly average AET and PET were 
used to generate ESI and EDDI indices. As explained 
in the previous section, both AET and PET were highly 
affected by seasonal rainfall. It is expected that ESI and 
EDDI will highly correlate to the SPI. The time series 
of EDDI, ESI, and SPI were shown in Fig. 5. The result 

Figure 4   Monthly actual evapo-
transpiration (a) and potential 
evapotranspiration (b) of ARB 
from 2002 to 2017
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showed that the three indices were quite consistent with 
each other to capture the most extreme, severe, and moder-
ate drought years, as well as the wet years. The SPI cor-
relation with EDDI and ESI were 0.76 and 0.79, respec-
tively, which implies that the MODIS satellite products are 
suitable for characterizing dry and wet conditions in the 
ARB. The correlation between EDDI and ESI was 0.89. 
Considering monthly time series were used in this study, 
the number of drought events might increase with a shorter 
time resolution as the indices (e.g., SPI, ESI, and EDDI) 
quickly changed between wet and dry months. However, 
the most devastating drought years were 2000, 2004, 2005, 
and 2006. 2008, 2009, and 2012.

3.3 � Evaluating flash drought using ESI and EDDI

The shorter duration of weekly ESI and EDDI can indi-
cate the early onset of drought that cannot be detected 
by conventional drought analysis with monthly data. 
Flash drought in the ARB was examined during the two 
growing seasons of the mRS (Feb–May) and the MRS 
(June–Sep) because the evaporative stress is less sensi-
tive to drought in non-growing seasons (Christian et al. 
2019a, 2019b). Recent historical drought years of 2002, 
2008, 2009, 2012, and 2015 were used to evaluate the 
spread of flash drought over the ARB. Figures 6 and 7 
showed the spatial evolution of flash drought in 2008 
historical drought, which were results of flash drought 
areas identified by weekly ESI and EDDI drought indices 
and followed the criteria of flash drought as mentioned 
in Christian et al. (2019a, 2019b).

3.3.1 � ESI‑based evolution of 2008 flash drought

The distributions of flash drought in 2008 mRS and MRS 
with weekly ESI were depicted in Figs. 6a and 6b, respec-
tively. The flash drought in 2008 mRS started in the second 
week of February in the upstream basin and expanded to 
the northwestern and southwestern peripheries and along 
with the river (Fig. 5a). The downstream part of ARB expe-
rienced less flash drought in February and March. During 
April and May, the flash drought over the upstream basin has 
become less and shifted to the downstream part, particularly 
the northeastern and southeastern basins. However, the flash 
drought extent varied quickly from one week to another. The 
upstream basin experienced flash drought during the first two 
months of mRS. It is noted the area along the river was vul-
nerable to flash drought throughout the entire mRS due to the 
presence of better vegetation coverage and high temperature. 
The shift of flash drought in April and May might be caused 
by the erratic minor rainfall started in the downstream basin 
to trigger the grassland to grow. Figure 6b presented the 
spread of flash drought during the MRS. Unlike the spatial 
shifts of flash drought observed in 2008 mRS (Fig. 5a), the 
downstream basin was mainly identified to experience flash 
drought during the MRS. Moreover, the flash drought in the 
MRS extended in June and the first week of July was larger 
than that of other weeks.

3.3.2 � EDDI‑based evolution of 2008 flash drought

The spread of f lash drought in 2008 mRS and MRS 
with weekly EDDI were depicted in Figs. 7a and 7b, 
respectively. Similar to the ESI results, the EDDI results 

Figure 5   Comparison of 
monthly based drought indices 
of EDDI, SESI, and SPI
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identified the mRS flash drought of 2008 began in the 
second week of February mainly over the upstream and 
southwestern basin. Starting from the third week of Feb-
ruary till the fourth week of March, the flash drought 
expanded over the larger area of the basin, except for 
the downstream part of the basin. Similar to the ESI 
results, the EDDI f lash drought shifted to the down-
stream basin during April and May, except for the first 
and second week of May. The area coverage of f lash 
drought identified by the EDDI was larger than that by 

the ESI. As shown in Fig. 7b, the MRS flash drought 
was observed in the semi-arid part of the downstream 
basin. The MRS flash drought observed in the down-
stream basin was smaller in the first week of August 
and the first and second week of July as compared to 
those of the other weeks. Weekly flash drought identi-
fied by ESI and EDDI showed similar shifts in spatial 
distributions from one week to another, but their areal 
coverage was quite different from having larger f lash 
drought areas by the EDDI.

Figure 6   Spread of flash drought over the Awash River basin using weekly ESI in the case of 2008 historical drought: (: (a) during the mRS 
(February - May), and (b) during the MRS (June - September)
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3.3.3 � Flash drought intensity based on ESI

Following the fourth criterion of flash drought given by 
Christian et al. (2019a, 2019b) that the mean changes in 
SSESI/ SEDDI must be below the 25th percentile for the 
entire pentads, it is able to indicate the rapid intensification 
of flash drought. As depicted in Fig. 8 and Table 3, the flash 
drought intensity was classified based on the mean changes 
in SSESI/SEDDI. Flash drought intensity was classified as 
an exceptional, extreme, severe, and moderate flash drought 

if the mean changes in SSESI/ SEDDI were respectively < 
10th percentile, between 10th and 15th percentile, between 
15th and 20th percentile, and between 20th and 25th percen-
tile, respectively.

The ESI-based flash drought intensity of 2002, 2008, 
2009, 2012, and 2015 droughts using the mean change in 
SSESI (< 25th percentile) were presented in Fig. 8 and 
Table 3. The exceptional and extreme flash drought intensity 
mainly exhibited in the highland and humid (i.e., upstream, 
southwestern, and northwestern) parts of the basin with 

Figure 7   Spread of flash drought over the Awash River basin using weekly EDDI in the case of 2008 historical drought: during the mRS (Febru-
ary–May) (a) and during the MRS (June–September) (b)
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Figure 8   ESI-based flash 
drought intensity over the ARB 
using the mean changes in 
SSESI below the 25th percentile 
threshold in the case of 2002, 
2008, 2009, 2012, and 2015 
recent drought years

Table 3   ESI-based categories of flash drought intensity and their area (km2) coverage in ARB in the cases of 2002, 2008, 2009, 2012, and 2015 
recent drought years

Categories of flash drought intensity Historical droughts years Commonly 
affected areas

2002 2008 2009 2012 2015

Moderate flash drought 4423.5
(3.80%)

8663.8
(7.44%)

5427.6
(4.66%)

9960.4
(8.56%)

8391.4
(7.21%)

17.6
(0.02%)

Severe flash drought 11308.9
(9.72%)

19282.1
(16.57%)

10150.1
(8.72%)

19196.7
(16.50%)

9444.9
(8.12%)

1375
(1.18%)

Extreme flash drought 7942.2 (6.82%) 11792.1
(10.13%)

3792.7
(3.26%)

12003.1
(10.31%)

6827.3
(5.87%)

948
(0.81%)

Exceptional flash drought 2681.3
(2.30%)

6711.5
(5.77%)

3572.6
(3.07%)

4914.6
(4.22%)

2895.9
(2.49%)

14.4
(0.01%)

Total area 26355.9
(23%)

46449.5
(40%)

22943
(20%)

46074.8
(40%)

27559.5
(24%)

2355
(2%)
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the most dominant land-cover types of agricultural crops, 
grasses, and shrublands. Additionally, the exceptional and 
extreme flash drought distribution observed in the lowland 
(i.e., downstream) part of the basin were directly linked to 
the rangelands (grasslands) of the area. The exceptional and 
extreme flash drought intensities in 2008 and 2012 extended 
over the ARB were larger than those of the other drought 
years. For example, the exceptional and the extreme flash 
drought covered 5.77 % (6711.5 km2) and 10.13 % (11792.1 
km2), respectively, of the basin area in the 2008 drought 
(Table 2). The upstream (agricultural lands), irrigated crop-
lands along the river, and the downstream (grasslands) part 
of the basin experienced a prevalence of flash drought. Over-
all, the area of the ARB that experienced flash drought in 

2002, 2008, 2009, 2012, and 2015 are 23 % (26355.9 km2), 
40 % (46449.5 km2), 20 % (22943 km2), 40 % (46074.8km2), 
and 24 % (27559.5 km2), respectively.

3.3.4 � Flash drought intensity based on EDDI

Figure  9 and Table  4 presented the EDDI-based flash 
drought intensity of 2002, 2008, 2009, 2012, and 2015. The 
results of EDDI are similar to those of ESI, except the areal 
extent of flash drought identified by EDDI was generally 
larger than that by the ESI. Similarly, agricultural and grass-
land areas were highly affected by flash drought. Overall, 
most of the basin experienced flash droughts with differ-
ent intensities from one year to another. During 2002, the 

Figure 9   EDDI-based flash 
drought intensity over the 
ARB using the mean changes 
in SEDDI below the 25th 
percentile threshold in the case 
of 2002, 2008, 2009, 2012, and 
2015 recent drought years
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exceptional and extreme flash drought coverages were larger 
than those of other years and covered 19.56 % (22758.3 km2) 
and 22.05% (25657.1 km2) of the basin, respectively.

Several flash drought studies were conducted in the 
United States and they found that agricultural lands and 
grasslands were highly vulnerable to flash drought because 

Table 4   EDDI-based categories 
of flash drought intensity and 
their area (km2) coverage in 
ARB in the cases of 2002, 2008, 
2009, 2012, and 2015 recent 
drought years

Flash drought intensity Historical droughts years Commonly 
affected 
areas2002 2008 2009 2012 2015

Moderate flash drought 14558.8
(12.51%)

15151.9
(13.02%)

11315.7
(9.72%)

24346.2
(20.92%)

21118.9
(18.15%)

807.5
(0.69%)

Severe flash drought 20065.9
(17.24%)

34395.8
(29.56%)

29968.7
(25.75%)

28097.3
(24.14%)

27136.8
(23.32%)

21150.4
(18.17%)

Extreme flash drought 25657.1
(22.05%)

23009.3
(19.77%)

21228.9
(18.24%)

20569.9
(17.68%)

10464.6
(8.99%)

12592.8
(10.82%)

Exceptional flash drought 22758.3
(19.56%)

11285.2
(9.70%)

15026.3
(12.91%)

5696.8
(4.90%)

18765.9
(16.31%)

1285.5
(1.10%)

Total area 83040.1 (71.4%) 83842.2
(72.05%)

77539.6
(66.63%)

78710.2
(67.64%)

77486.2
(66.58%)

35836.2
(30.79%)

Figure 10   Monthly EDDI-based full-blown conventional drought in the mRS (2002–2017)
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of the shallow root system and high rate of evapotranspira-
tion (Otkin et al. 2014; Mo and Lettenmaier 2016; Otkin 
et  al. 2018; Christian et  al. 2019a, 2019b). Moreover, 
comparatively agricultural lands were more prone to flash 
drought than grasslands. Our results generally agreed with 
their findings, the ARB were highly vulnerable to flash 
drought over upstream agricultural land, irrigation cropland 
along the river, and downstream grasslands. High tempera-
tures and densely vegetated areas were also exposed to flash 
drought risks due to the increase in evapotranspiration from 
the vegetation (Zhang et al. 2019). Semiarid plain regions 
are sensitive to land-atmosphere interaction, such as the 
decreased evapotranspiration caused by reduced soil mois-
ture will limit the local source of boundary layer moisture 
to restrict atmospheric moisture advection. As a result, the 
atmosphere remains dry to increase the evaporative demand 
and the dry soil keeps altering the ambient environment to 

be less supportive of convective rainfall and intensifies flash 
drought (Basara and Christian 2018; Christian et al. 2019a, 
2019b). They also reported that regions that lack soil water 
availability and have sparse vegetation could not be suscep-
tible to flash drought.

EDDI is mostly vital for flash drought early warning 
because it is independent of rainfall and soil moisture with 
less uncertainty related to topography and regional convec-
tive activities (Hobbins et al. 2016). EDDI is also sensi-
tive to two distinct land-surface atmosphere interactions 
(Hobbins et al. 2016; McEvoy et al. 2016): (1) The sur-
face moisture limitation that leads to declining of ET and 
increasing of PET indicates a sustained drought, and (2) the 
increases of ET and PET from increased energy availabil-
ity that results in surface moisture limitation to trigger a 
flash drought. PET can rise in all drought cases and could 
be the first sign of drought (Hobbins et al. 2016). The flash 

Figure 11   Monthly ESI-based full-blown conventional drought in the mRS (2002–2017)
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drought extent under EDDI is larger as compared to ESI in 
the ARB because of the first condition that under a water-
limited environment, ET and PET respond in the opposite 
direction, which indicates a sustained drought.

3.4 � Conventional drought using ESI and EDDI 
from 2002 to 2017

In addition to the weekly analysis of the flash drought, the 
conventional drought from 2002 to 2017 was looked at to 
see whether the flash drought progresses to a full-blown 
conventional drought or not. The majority of the evaluated 
flash drought episodes, including 2002, 2008, 2009, 2012, 
and 2015, were extended to conventional drought regard-
less of the number of dry months and the magnitude of 
the drought, as shown in Figs. 10, 11, 12, 13, and 14. The 

month of May exhibited more frequent drought as compared 
to other months of the mRS (i.e., February, March April, 
and May) as shown in Figs. 10 and 11. Similar to the flash 
drought results, the spatial extent and severity of conven-
tional drought identified by the EDDI were much greater 
than those by the ESI. For example, the spatial pattern of 
conventional drought was similar to those of flash drought 
identified in February and March, mainly over the upstream 
(southwest) and peripheries of the basin. In the month of 
April and May, almost the entire and north-eastern (down-
stream) part of the basin experienced more drought com-
pared to other parts of the basin.

The month of June exhibited more frequent drought 
followed by September than those of other months in the 
MRS (i.e., June, July, August, and September) as shown in 
Figs. 12 and 13. The conventional drought pattern in the 

Figure 12   Monthly EDDI-based full-blown conventional drought in the MRS (2002–2017)
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MRS is similar to the results of flash drought in that the 
north-eastern (downstream) part of the basin experienced 
more drought during July, August, and September, whereas 
in June the entire basin exposed more drought.

4 � Conclusions

The most severe droughts in recent years over the 
ARB were evaluated with the flash drought indices and 
approaches proposed by Christian et al. (2019a, 2019b). 
The distributions of flash drought during the mRS and the 
MRS in 2008 were identified with both EDDI and ESI. 
Flash droughts that rapidly intensify within a week were 
also examined. Mostly observed in February and March, 
the upstream, northwestern, and southwestern peripheries 

of the ARB experienced flash drought in 2008 with the 
spatial coverages mainly correlated with agricultural crops 
and grasslands. During April and May, the flash drought in 
the upstream basin became less and expanded to the down-
stream, particularly the northeastern and southeastern 
basins. During most weeks of the MRS, the downstream 
basin was identified to experience flash drought. Since 
the EDDI is solely dependent on PET and it can intensify 
with increasing temperature regardless of rainfall and soil 
moisture, the flash drought extent identified by the EDDI 
was generally larger than that by the ESI. Based on differ-
ent drought intensities, flash droughts were classified as 
exceptional, extreme, severe, and moderate flash droughts. 
The exceptional and extreme flash droughts mainly exhib-
ited in the highland and humid (i.e., upstream, southwest-
ern, and northwestern) parts of the basin with dominant 

Figure 13   Monthly ESI-based full-blown conventional drought in the MRS (2002–2017)
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land-use types of agricultural crops, grass, and shrublands. 
Additionally, exceptional and extreme flash droughts were 
found in the lowland downstream part of the basin with 
grasslands as the dominant land-use types. The irrigated 
croplands along the river were also identified to be highly 
vulnerable to flash drought. Similar to the weekly flash 
drought, the monthly full-blown conventional drought 
analysis showed that the majority of historical drought 
occurrences occurred during the month of June during the 
main rainy season, whereas the majority of such events 
were seen during the months of April and May during the 
minor rainy season. Early identification of flash drought 
expansion based on AET and PET under rising tempera-
tures will be very helpful for developing drought moni-
toring. Particularly the EDDI is more sensitive to warm-
ing temperatures having the advantage of detecting the 
early onset of flash drought, which is vital for developing 
drought early warning. Using a shorter time resolution, the 
flash drought analysis can detect the early onset of drought 
as compared to the conventional drought analysis with a 
longer time resolution. By incorporating flash drought, 
evaluations into drought monitoring and early warning 
will be very helpful to enhance proactive risk manage-
ment strategies, minimize potential losses of agricultural 
production, and increase food security.

5 � Recommendation and future direction

The lack of adequate and reliable observed data was the 
main challenge in this study. The meteorological sta-
tions are sparse especially in the downstream part of the 
ARB and without having long-term observed data. Thus, 
increasing the density of meteorological stations would be 
helpful for future drought evaluation and monitoring in the 
basin, especially over areas vulnerable to flash drought. 
For areas with rapid intensification of flash drought, it 
is recommended to deploy instruments to support the 
analysis of flash drought with daily soil moisture, rain-
fall, and temperature data. Soil moisture evaluation at dif-
ferent depths in response to EDDI and ESI indices will 
enhance early detectability of flash drought that improves 
drought monitoring and predictions. Further investigations 
are suggested to understand the effects of different land-
use and land-cover types on the onset and evolution of 
flash drought and the interactions between them. Examin-
ing flash drought response in relation to the ENSO and 
extreme events and incorporating climate projections to 
assess climate change impacts will be more important for 
minimizing the drought risk in the basin.
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