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Te defnition of drought is very controversial due to its multi-dimensional impact and slow propagation in onset and end.
Predicting the accurate occurrence of drought remains a challenging task for researchers. Te study focused on hydrological and
meteorological drought monitoring and trend analysis in the Abbay river basin, using the streamfow drought index (SDI),
standardized precipitation index (SPI), and reconnaissance drought index (RDI), respectively, to fll this research gap. Te study
also looked into the interrelationships between the two drought indicators.Te SDI, SPI, and RDI were calculated using long-term
streamfow, precipitation, and temperature data collected from 1973 to 2014. Te data were collected from eight streamfow
stations and ffteenmeteorological gauge stations. DrinC software (Drought Indices Calculator) was used to calculate the SDI, SPI,
and RDI values. Te result from meteorological drought using SPI12 and RDI12 shows that 1975, 1981, 1984, 1986, 1991, 1994,
and 2010 were extreme drought years, whereas 1983, 1984, 2001, and 2010 were the most extreme hydrological drought years
based on the SDI12 result. Except for Bahir Dar and Gondar, a severe drought occurs at least once a decade in all stations
considered in this study. In general, the SPI, RDI, and SDI results indicated that the study area was exposed to the most prolonged
severe and extreme drought from 1981 to 1991. Te fndings of this study also demonstrated that the occurrence of hydro-
meteorological droughts in the Abbay river basin has a positive correlation at long time scales of 6 and 12 months. Te trend
analysis using the Mann–Kendall test implied that there was a signifcant meteorological drought trend in two stations (Debre
Berhan and Fiche) at SPI12 and RDI12 time scale, but for the remaining thirteen stations, there is no trend in all time scales. Te
hydrological drought trend analysis in the basin on a seasonal (SDI3) and yearly (SDI12) time scale also revealed that three
streamfow stations have a positive trend (Kessie, Gummera, and Border). Tis implies that water resource management is still a
vital tool for the sustainable development of the Abbay river basin in the future.

1. Introduction

Drought is a series of problem everywhere in the world,
and it aggravates food insecurity, causes shortage of water
supply, and reduces irrigation and hydropower production
for a prolonged period [1]. Contrasting to other natural
hazards, such as foods, hurricanes, and tornados;
droughts developed slowly in their onset and impacts.
Terefore, the defnition of drought is very controversial
due to its multi-dimensional impact. However, based on
the duration of the lack of diferent forms of water
(precipitation, moisture, streamfow, etc.) and the

development of drought impact, drought can be catego-
rized into four. Tese are (i) meteorological drought, re-
lated to defciency of precipitation, (ii) agricultural
drought, which is a lack of soil moisture, (iii) hydrological
drought, which is associated with a defciency in surface
and sub-surface water, and (iv) socio-economical drought,
causing supply and demand imbalance [1–6]. Shortage of
precipitation is the primary cause of meteorological
drought and gradually propagates to agricultural and
hydrological drought related to loss of soil moisture and
decrease in surface and groundwater availability, respec-
tively [7–10]. Te overall aggregated drought impact
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develops into a socio-economic drought, in which the
demand for water via diferent groups increases and may
cause conficts among the community [3, 11].

Most African countries are dependent on rainfed agri-
culture and highly vulnerable to climate change-induced
hazards like foods and droughts [12]. In the last six decades,
Africa was frequently afected by severe, intense, and
widespread drought [13, 14]. In Africa, continentally the
most unique extreme droughts were recorded during 1972/
73, 1983/84, and 1991/92. Recent studies show that the
African continent is expected to face widespread severe and
extreme droughts in the coming years [13].

Ethiopia has an ample amount of water resources and
serves as a source of surface water for other downstream
countries like Sudan and Egypt. However, studies revealed
that Ethiopia is under water stress due to a recurrence of
drought [15]. Te recurrence of catastrophe foods and
droughts in Ethiopia leads to more economical loss [16].
Terefore, this drought phenomenon has increased the water
stress in the eastern part of the country due to low surface
water potential and unlimited demand for irrigation practices
such as the Awash river basin. Even though the water stress
problem is more common in these areas, water supply
practice is concentrated in the western part due to the
availability of excess surface and sub-surface water potential
such as the Abbay river basin. To improve the imbalance in
supply and demand as well as to mitigate drought impact, the
construction of dams and reservoirs plays a great role [17].

Drought is still not well studied in Ethiopia both at the
national and basin level. Relatively, meteorological drought
analysis is studied in diferent basins of the country due to
the easy accessibility of observed and satellite-recorded
precipitation data [18–22]. However, the hydrological
drought is still needing investigation to balance the available
water potential for supply and demand. Te Abbay river
basin's hydrological and meteorological droughts were
studied by Bayissa et al. [23], utilizing a standardized pre-
cipitation index (SPI) and standardized runof-discharge
index (SRI). However, for the hydrological drought analysis
of the entire river basin, the researcher employed a single
streamfow data at the Abbay border (Ethiopian-Sudan
border), the outfow locations of the Abbay river basin. Since
the standardized runof-discharge index only provides a
point value, it is challenging to see how the drought is
varying spatially across the basin using just one streamfow
station. Terefore, investigation of drought condition by
considering additional streamfow stations which at least
represent some sub-basins of Abbay river basin will give
good information about spatiotemporal variability of
drought over the entire basin.

Te goal of this research is (i) to analyze the historical
hydrometeorological droughts using SPI, RDI, and SDI,
respectively, (ii) to determine long-term drought trends
through the Mann–Kendall test, and (iii) to investigate the
relationship between hydrological and meteorological
droughts over the study period in Abbay river basin. His-
torically, droughts have frequently occurred in the Abbay
river basin in the past four decades [23]. As a result, there is
an obvious need for improved and integrated drought

mitigation strategies developed in the Abbay river basin to
minimize the adverse impact of future droughts. Terefore,
this study has good information for researchers, planners,
stakeholders, and Abbay basin authorities for future drought
preparedness based on the historical drought trend fndings.

2. Materials and Methods

2.1. Study Area Description. Tere are twelve major river
basins in Ethiopia. Abbay river basin has an annual runof of
54.5 BM3 and covers an area of approximately 176, 000 km2

which is the second largest basin in the country [20].
Spatially, Abbay basin is located at 7° 40′ N and 12° 51′ N
latitude and 34° 06′ E and 40° 00′ E longitude [23] (see
Figure 1). In the Abbay river basin, there are sixteen sub-
basins from the major tributaries. Tis basin has crucial
importance to Sudan and Egypt because it contributes 62%
of the Nile River fow without considering the Baro Akobo
and Tekeze river basins [24]. Topographically, the basin
elevation ranges from 350m near Ethiopia-Sudan border to
4230m above sea level in the central part of the basin, lowest
to highest, respectively [24, 25].

Depending on the topographical variation, the basin has
high climate variation.Temean annual rainfall ranges from
780mm to 2250mm; in some parts of the basin such as
Beshilo, Guder, Muger, and Weleka, the annual rainfall is
less than 1000mm. Te minimum and maximum average
temperature of the basin is 15°C and 28°C, respectively
[24–27]. However, in the highland parts of the basin, the
temperature is sometimes lower up to −1°C, and the max-
imum temperature for the northwestern part increases up to
38°C, respectively [26].

2.2. DataCollection and Preparation. Te daily precipitation
and temperature data were collected from ffteen stations in
the Ethiopian Meteorology Institute (EMI). For the case of
drought and climate change study, at least a minimum of 30
years of data is required [28]. Terefore, for this study, from
1973 to 2014 (42 years), precipitation and streamfow data
were collected from diferent representative stations for
hydrometeorological drought trend analysis.Te streamfow
data were collected from the Ministry of Water and Energy
of Ethiopia (MoWE). Relatively, there are many gauging
stations in the basin.Te selection of rainfall and streamfow
stations was focused on the length of available data, quality,
and coverage area. Te spatial location of all stations is
indicated in Table 1. As shown in Figure 1, eight streamfow
stations were selected; Gummera and Bahir Dar represent
the upper Abbay basin in the north part, Kessie, Chemoga,
and Guder represent the middle part of the basin, Gilgel
Beles, the Ethiopia-Sudan border, represents the down-
stream part of the basin, and Robigumera represents the
northeast part of the basin in Jema sub-basin. In this re-
search, the analysis was conducted at monthly (SPI1, RDI1,
and SDI1), seasonal (SPI3, RDI1, and SDI3), biannual (SPI6,
RDI6, and SDI6), and annual (SPI12, RDI12, and SDI12)
time scales. In the case of the 1-month, 3-month, and 6-
month SPI, RDI, and SDI analyses, the wettest month
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(August), the summer season (locally Kiremt, June to Au-
gust), and six months (February to August), respectively,
were taken into consideration. Because Ethiopia receives
high rainfall during these months and seasons corre-
spondingly, streamfow is also increased. To calculate these
drought conditions, the observed precipitation, temperature,
and streamfow data were prepared in a monthly manner
and used as input for DrinC software (Drought Indices
Calculator); recently, it is widely used in diferent countries

to determine three drought indicators such as SPI, RDI, and
SDI [29]. Te minimum recorded data length in this study is
27 years at the Robigumera streamfow station and the
maximum is 42 years in most streamfow stations and
precipitation stations (see Table 1).

2.2.1. FillingMissing Data. After collecting the required data
from their sources, the next step is preparing the data based
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Figure 1: Location of hydrometeorological stations in Abbay river basin.
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on the models required and in line with the objective of the
task. But the raw data may have been missing in diferent
cases. Terefore, it is important to fll in the missing data
using appropriate techniques. Te most common missing
data-flling techniques for meteorological data are the
arithmetic mean method, normal ratio method, and inverse
distance method [30, 31]. In this study, both arithmetic
mean method and normal ratio methods were applied for
some meteorological stations based on the percentage of the
normal annual rainfall of missing data from normal annual
rainfall (below 10%, arithmetic, and above 10%, normal ratio
method) of the surrounding stations. Te equations of the
arithmetic mean method and normal ratio method are given
below by equations (1) and (2), respectively.

Px �
1
m

P1 + P2 + P3 + . . . Pm , (1)

where Px is rainfall at the missing station, P1, P2, P3, . . . Pm

represent rainfall at diferent stations, and m is the number
of known stations considered.

Px �
Nx

m

P1

N1
+

P2

N2
+

P3

N3
+ . . .

Pm

Nm

 , (2)

where Px andNx are the required missed rainfall and normal
annual rainfall; P1, P2, P3, and Pm represent rainfall at
diferent stations; and m is the number of known stations.

Table 2 describes the total number of missing data days
from a period of 1973 to 2014 for seven meteorological
stations and from 1985 to 2016 for eight stations. As indicated
from the table, Assosa and Deneba stations have relatively

more missing data. Te analysis showed that the normal
annual rainfall of Bahir Dar, Makisegnit, Gundewoin, Fiche,
and Debre Berhan stations was found below 10% of the
surrounding station’s normal annual rainfall, whereas ten
stations (Chagni, Dangila, Debre Tabor, Gondar, Lemi,
Assosa, Nekemt, Mehalmeda, Alem Ketema, and Deneba)
have a variation of above 10% of normal annual rainfall value
compared to the surrounding stations. Terefore, the missing
data for the former fve stations were flled by using the
arithmetic mean method and the latter ten stations were
estimated using the normal ratio method. After flling in all
the missing data, fnally, the data were prepared in a monthly
manner to check the homogeneity and consistency test.
Besides, the streamfow missing data were flled using the
regression method and the area ratio (AR) method to transfer
the streamfow information in the near by station [32].

2.2.2. Data Quality Test

(1) Consistency Test. Water resource management and
planning studies require long-term hydrological and me-
teorological data; therefore, a test must be conducted to
check the homogeneity or self-consistency of the recorded
data. Tis is necessary because, over some time, it may
happen that there will be some obstructions like trees,
buildings, and so on, which may have emerged after the
installation of the gauge, or its location might have changed
or observational procedure might have changed. Te in-
consistency of recorded data can be checked by graphical or
statistical methods including double mass curve, the Von

Table 1: Selected hydrometeorological station location in Abbay river basin.

Hydrological stations
Station name Latitude Longitude Area (km2) Annual fow (m3/s) Record year Data length (year)
Border 11.28 37.23 17254 22348.4 1973–2014 42
Bahir Dar 11.6 37.38 15319 1386.02 1973–2014 42
Chemoga 10.3 37.73 364 61.12 1973–2008 36
Gilgele Beles 11.17 36.37 675 213.74 1973–2014 42
Guder 8.95 37.75 524 143.41 1973–2008 36
Gummera 11.83 37.63 1394 413.61 1973–2014 42
Kessie 11.06 38.18 65784 6280.65 1973–2014 42
Robigumera 9.45 39 887 106.94 1983–2009 27

Meteorological stations
Station name Latitude Longitude Elevation (m) Mean annual rainfall (mm) Record year Data length (year)
Bahir Dar 11.6 37.42 1770 1423.88 1973–2014 42
Chagni 10.97 36.49 1614 1718.27 1973–2014 42
Gondar 12.52 37.43 1973 1161.29 1973–2014 42
Makisegnit 12.39 37.55 1912 1003.89 1973–2014 42
Gundewoin 10.93 38.09 2052 1569.47 1973–2014 42
Debre Tabor 11.87 37.99 2612 1535.97 1973–2014 42
Dangila 11.43 36.85 2116 1609.95 1973–2014 42
Mehalmeda 10.31 39.66 3084 865.42 1985–2016 32
Debre Berhan 9.63 39.5 2750 928.56 1985–2016 32
Alem Ketema 10.03 39.03 2280 1104.35 1985–2016 32
Deneba 9.76 39.2 2600 969.47 1985–2016 32
Lemi 9.81 38.9 2500 1311.75 1985–2016 32
Fiche 9.76 38.73 2784 1143.11 1985–2016 32
Assosa 10 34.51 1600 1079.02 1985–2016 32
Nekemt 9.08 36.46 2080 2065.86 1985–2016 32
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Neumann ratio test, cumulative deviation, run test, and
specifc fow test. However, the double mass curve method is
one of the most common and widely accepted methods for
checking the consistency of rainfall and streamfow records
[33–35]. Tis method is based on the assumption that the
mean accumulated precipitation for a large group of stations
is not signifcantly afected by a change or changes in in-
dividual stations.

(2) Homogeneity Test. Homogeneous rainfall records are often
required in hydrologic design. However, it is frequently oc-
curring that rainfall data over diferent periods are not
comparable since the measured amount of rainfall depends
on factors such as the type, height, and exposure of the rain
gauge, which have not always been the same.Terefore, many
meteorological institutes maintain an archive with informa-
tion on the rain gauge sites and the instruments used. Un-
fortunately, it is often not possible to specify the nature of
changes in the mean amount of rainfall from the station
documentation. Tis is partly because it is not always known
how a change in the instrument or the rain gauge site may
infuence the measured amount of rainfall and partly because
it is highly questionable whether the station information gives
a complete picture of the rain gauge site during the period that
the station has been in operation. Terefore, a homogeneity
test is used to check the homogeneous and non-homogeneous
stations for a specifc study area and also used to determine
the trend availability. Te homogeneity test was obtained by
determining the monthly non-dimensional value of each
station within the basin [36, 37]. It is given by

Pi �
Pav.m

Pav.an
∗ 100, (3)

where Pi is the non-dimensional percentage (%) and Pav.m

and Pav.an represent the long-term monthly average and
annual rainfall, respectively.

2.3. Drought Analysis Methods. Drought indices are con-
sidered a powerful statistical value used to monitor drought
conditions and to develop an early warning system for a

region. Many drought indices have been developed in the
last few decades, and most of them are region specifc and
have some limitations in diferent climate regions [38, 39].
Terefore, the selection of drought indices for a specifc
study area depends on many factors. Te most common
selection criteria are the number of input data required, data
availability, the objective of the study, climate condition,
novelty of the index, and validity which are the factors that
determine the selection of indicators [38, 40].

Tere are several types of drought indicators used for
meteorological and hydrological drought monitoring. It is
difcult to prioritize the efectiveness of one index from
others due to the complex nature of drought [38]. However,
based on the literature recommendation and the objective of
the index developed, it is possible to select the appropriate
drought index related to the aim of the specifc study.
Meteorological drought can be monitored by simple to
complex indices such as percentage decile (%), standardized
precipitation index (SPI), Palmer drought severity index
(PDSI), reconnaissance drought index (RDI), standardized
precipitation-evapotranspiration index (SPEI), and so on
[41–44]. Recently, the World Meteorological Organization
(WMO) presents SPI as a universal meteorological drought
index. It is due to its ability to monitor drought for multiple
time scales, and it is comparable between diferent regions or
watershed drought events [45, 46]. RDI and SPEI are the
most important meteorological drought indices by incor-
porating the efect of potential evapotranspiration in ad-
dition to precipitation variability [43]. Especially in a climate
region highly dominated by glaciers and ice, the variation of
temperature plays a great role and RDI and SPEI are very
important to monitor drought trends. Even though the
variability of precipitation has more impact on the devel-
opment of drought phenomenon than temperature variation
in Ethiopia, both SPI and RDI were selected in this study to
monitor the meteorological drought variability in the Abbay
river basin. Commonly, deviation of precipitation from the
long mean value is an indicator of drought onset. However,
its impact is dependent on the duration of no rain times as
well as the rate of evapotranspiration during the drought
season. Terefore, RDI plays a great role to analyze

Table 2: Percentage of missing rainfall data for selected gauge station in the Abbay river basin.

Station Number of recorded data Number of missing data Missing (%)
Bahir Dar 15362 391 2.54
Chagni 15320 1915 12.46
Dangila 15320 2132 13.87
Debre Tabor 15320 1375 8.95
Gondar 15320 363 2.36
Gundewoin 15320 1852 12.05
Makisegnit 15320 173 1.12
Mehalmeda 8248 900 10.91
Debre Berhan 8248 360 4.36
Alem Ketema 8248 750 9.09
Deneba 8248 1580 19.15
Lemi 8248 1020 12.36
Fiche 8248 180 2.18
Assosa 8248 1540 18.67
Nekemt 8248 480 5.82
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meteorological drought by considering the impact of tem-
perature variability in addition to precipitation variability
[47, 48].

Agricultural and hydrological drought analysis indica-
tors are more limited because of extensive input data re-
quirements. Some of the most common agricultural drought
indices are PDSI and soil moisture defcit index (SMDI) [21],
whereas hydrological drought indices are streamfow
drought index (SDI), Palmer hydrology drought index
(PHDI), and surface water supply index (SWSI) [4, 49, 50].
PHDI and SWSI need more data related to soil moisture and
groundwater level and reservoir water level. But in devel-
oping countries such as Ethiopia, it is difcult to access all
the required input data. So, the simplest and most common
streamfow-based drought index (SDI) was used to char-
acterize the hydrological drought phenomena in this study
[9, 51–53].

Terefore, in this study, the historical meteorological
and hydrological droughts in the Abbay river basin in
Ethiopia were analyzed by using SPI, RDI, and SDI, re-
spectively. Tis analysis was considered for four time
scales: monthly (SPI1, RDI1, and SDI1), seasonal (SPI3,
RDI3, and SDI3), biannual (SPI6, RDI6, and SDI6), and
annual (SPI12, RDI12, and SDI12). In Ethiopia, there are
four seasons, Autumn (September to November), Winter
(December to February), Spring (March to May), and
Summer (June to August). In the Abbay river basin, the
precipitation and streamfow volume are high during the
summer season. Terefore, in this study, the monthly,
seasonal, and biannual meteorological and hydrological
drought analysis was focused on the summer season for
August, June to August, and March to August.

2.3.1. Standardized Precipitation Indices. For the frst time,
McKee et al. (1993)[54] developed the standardized pre-
cipitation index (SPI) at the University of Colorado State
[55]. It is the most popular meteorological drought moni-
toring index. Its popularity is due to its low data require-
ment, statistical analysis approach, and ease of calculation,
and it can also describe drought in spatial and temporal
extent [56]. SPI is widely used for meteorological drought
analysis. But for the long-term time scale (12, 24, and
48 months), it is also used for hydrological drought analysis
in case of a lack of streamfow data [57]. But the input data
only include precipitation and do not consider the infuence
of temperature [48].

A probability distribution function of SPI should ft the
accumulated precipitation data for each time scale. Finally, the
precipitation data were transferred to a standard normal
distribution with a standard deviation of one and a mean of
zero, respectively. Te objective of transformation is to make
SPI comparable in time and space (temporal and spatial
variability). Gamma distribution is the most common ftted
function to precipitation data in SPI calculation [56]. Ac-
cordingly, SPI can be determined using the following equation:

SPI �
Xi − Xm

σ
, (4)

whereXi is the value of precipitation at ith month or season and
year, Xm is the mean monthly, seasonal, or annual precipita-
tion, and σ is the standard deviation of recorded precipitation.

2.3.2. Reconnaissance Drought Index. RDI is a recent
drought analysis indicator which considers the efect of
temperature in drought monitoring [43]. SPI only uses
precipitation data, whereas RDI uses both precipitation
and temperature as input data to overcome the limitation
of SPI to understand the efect of temperature on water
balance [47]. RDI computation is based on the ratio of
total precipitation and potential evapotranspiration. Po-
tential evapotranspiration is estimated using maximum
and minimum temperature values. Te procedure of RDI
value classifcation and analysis is the same as SPI. Te
classifcation of drought conditions is the same as SPI
which ranges from −2 to 2, extreme drought to extreme
wet, respectively (see Table 3). Te calculation of RDI is
given by

RDI � 
12

n�1

Pij

PETij

 , (5)

where Pij is seasonal precipitation at ith rain gauge station
and jth observation and PETij is seasonal potential evapo-
transpiration at ith rain gauge station and jth observation.

2.3.3. Streamfow Drought Indices. Hydrological drought
analysis is not an easy task like meteorological drought
analysis. It requires many input data in the hydrologic
cycle. However, Nalbantis and Tsakiris (2009) [59] de-
veloped the streamfow drought index (SDI) which is a
simple hydrological drought indicator using a single kind
of hydrological data, streamfow [60]. Te calculation of
SDI is similar to SPI and it has the same efciency and
simplifed characters as SPI. SDI is estimated using
monthly streamfow volume to control hydrological
drought and water supply shortage at diferent time scales
such as short, medium, and long term. Using aggregated
streamfow volumes Vnq, the SDI can be determined at
diferent reference times q of the n-th hydrological year as
given by the following equation:

SDI �
Vn,q − Vqm

Sq

, (6)

where n� 1, 2; . . . and q� 1, 2, 3, 4.
V qm and sq are the mean and the standard deviation of

cumulative streamfow volumes of the reference period q as
these are estimated over a long period, respectively.
According to McKee (1993) and Tsakiris et al., (2009), the
wetness and dryness value of SPI and SDI is between −2
and 2.

Table 3 shows diferent drought categories, and the
extremely dry and wet values are below or equal to −2 and
above 2, respectively. Te number of drought classifcation
using SPI, RDI, and SDI varies from seven to nine, in which
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some classifcation merges slightly wet and normal values
(0.5–0.99 and −0.5–0.49) into −0.5–0.99 as a normal range
[23, 42].

2.4. Drought Trend Analysis Using Mann–Kendall Test.
Many historical studies indicated that climate variability is
the main threat in diferent regions of the globe in the future
[61]. Tere are several methods to detect drought trends in
terms of streamfow and rainfall such as statistical ap-
proaches and rank-based tests [62]. Statistical methods in-
clude slope-based tests, least squares linear regression (LR),
Sen’s slope estimator (SS), and rank-based tests based on the
Mann–Kendall (MK) test and Spearman rank correlation
(SRC) test [63]. Pre-whitening, trend free pre-whitening,
and variance correction with the Mann–Kendall test are
considered in the serial correlation efect by statistical ap-
proaches [64]. In this study, the Mann–Kendall test is used
to detect hydrological and meteorological drought trends at
a 5% signifcance level based on the value of SDI and SPI
time sequences in the Abbay river basin by using the
AUTO_MK_Sen.exe software.

Te Mann–Kendall (MK) test is determined using two
sequential time series (Xj and Xi) from n data points in a
series [64]. Each subsequent data value in a given time series
is compared with other data of the series. Te value of
statistics S can be increased or decreased by 1 based on the
rearrangement of the data sequence of earlier and later data
values. Ten, the statistics S value is calculated using the two
incremental and decrement data values’ net result. Tere-
fore, the Mann–Kendall (MK) test statistic S is estimated
using the following equations:

S � 
n−1

i�1


n

j�i+1
Sign Xj − Xi ,

Sign Xj − Xi  �

1; if Hj − XI> 0

0; if Xj − Xi � 0

−1; if Xj − Xi < 0

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

,

(7)

where xj and xi are the data values in years j and i, re-
spectively. If the number of data points in the time series is
less than 10, then the value of |S| is compared directly to the
distribution S; in other cases, if the number of data points in
the time series is greater than 10, then the value of statistic S
is distributed by the mean and variance shown in equation
(8), respectively.

E(S) � 0,

Var(S) �
m(−1)(2m + 5) − 

n
k�1k1(k1 − 1)(2k1 + 5)

18
,

(8)

where m and ki represent the number of SPI and SDI time
series and the ties of the sample time series, respectively.

Te performance of the Mann–Kendall test was com-
puted by AUTO_MK_Sen.exe, and the calculated statistics
Zc test is given by

Zc �

S − 1
σ

; if S> 0

0; if S � 0

S + 1
σ

; if S< 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (9)

Te calculated Zc statistics follow a normal distribution
and positive and negative Zc values indicate an increasing and
decreasing trend for a given time series period, respectively.

2.5. Spatial Distribution Analysis of Drought. Te spatial
distribution of drought analysis is important for appropriate
drought preparedness and early warning system develop-
ment [27, 65–67]. Tere are several interpolation techniques
to display drought-afected areas in ArcGIS software.
Among those, the inverse distance weighted (IDW) inter-
polation technique is suitable for heterogeneous topography
like Ethiopia [68, 69]. Te inverse distance weighted (IDW)
spatial analysis tool in ArcGIS software is used to analyze the
drought-prone area and its extension over the basin at a
specifc drought year after the temporal drought has been
properly determined using SPI, RDI, and SDI. Te value of
selected severe and extreme drought events by SPI, RDI, and
SDI is used as input for the IDW tool. Tis geographical
analysis tool is intended to pinpoint places that are extremely
prone to drought and to display the size of the coverage areas
that are afected by it.

3. Results and Discussion

3.1. Consistency and Homogeneity Checking of Rainfall Data.
Te consistency of all selected rainfall stations was checked
using the double mass curve analysis method. As shown in
Figure 2, one gauging station, Nekemt, is slightly deviated
from a straight line compared to the remaining 14 stations.
But the variation is not that exaggerated. Most stations are
located in the upstream part of the river basin in the
northern and northeast direction (see Figure 1) in which the
area relatively received less rainfall compared to the middle
and western parts of the basin. Even though the gauge
stations were taken from diferent sub-basins of the Abbay
river basin, it can be seen that all stations have a straight line
relation with the mean cumulative rainfall value of all sta-
tions in the study area. Terefore, all ffteen stations are
considered for further meteorological drought analysis in
the basin.

Table 3: Hydrometeorological drought category based on SPI, RDI,
and SDI values [58].

SPI, RDI, and SDI ranges Drought categories
>2 Extremely wet
1.5–1.99 Severely wet
1.0–1.49 Moderately wet
−0.99–0.99 Near normal
−1.0–−1.49 Moderate drought
−1.5–−1.99 Severe drought
<−2 Extreme drought
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Following the consistency test, it is important to check
the homogeneity of rainfall gauge stations’ time series. Te
homogeneity of ffteen rainfall stations was checked using a
non-parametric ratio method in the Abbay river basin,
Ethiopia. Te result indicates that almost all selected stations
are relatively homogeneous. But as shown in Figure 3,
Chagni, Nekemt, Assosa, and Dangila stations are non-
homogeneous during July and August months. Since the
representative rainfall stations were collected from diferent
sub-basins of the Abbay river basin in which there are high
spatial variations, a slight change in inhomogeneity can be
expected. However, the variation is not signifcant; therefore,
all the stations were considered for this study.

3.2. Meteorological Drought Characteristics Using SPI and
RDI. A meteorological drought analysis was conducted in
the Abbay river basin using SPI and RDI from ffteen
meteorological stations from 1973 to 2014 and 1981 to 2016,

respectively. Meteorological drought analysis via SPI is
mostly considered for a short time scale, one to six months
(SPI1, SPI3, and SPI6). However, for areas lacking hydro-
logical data (streamfow), SPI12 and above are used for
hydrological drought analysis [18, 20, 23]. But in this study,
SPI1, SPI3, SPI6, and SPI12 were computed for meteoro-
logical drought monitoring, and the result indicated that
drought severity increased as the time scale increased from
SPI1 to SPI12, but the frequency of occurrence decreased
over a long time scale analysis. Figure 4 shows that the
period 1981 to 1996 was the longest drought season and
frequent moderate to severe droughts occurred for all time
scales. Commonly, the periods 1981–1996, 2001–2004, and
2008–2010 experienced moderate to extreme drought while
the period 1997–2000 was the wet period in the Abbay river
basin. Bayissa et al. [20] stated that the Abbay river basin was
in severe drought in the years 1978/1979, 1984/1985, 1994/
1995, and 2003/2004. Te result of this study also agreed
with this fnding, but there were some additional severe

0

10000

20000

30000

40000

50000

60000

70000

0 100000 200000 300000 400000 500000 600000

Cu
m

ul
at

iv
e R

ai
nf

al
l o

f e
ac

h 
sta

tio
n 

(m
m

)

Cumulative mean rainfall of all station (mm)

BD Chag Gonda Maks
Gundow D.Tabor Dang Alem Ketema
Assosa Debre Berhan Deneba Fiche
Lemi Mehalmeda Nekemt

Figure 2: Consistency test of rainfall data in Abbay river basin using double mass curve.
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drought years such as 1989, 1991, 1993, 2001, 2008, and 2010
(see Figure 4). In this river basin, extreme droughts in most
gauge stations occurred in 1975, 1981, 1984, 1986, and 1991
(see Table 4).

Table 4 shows that the Abbay river basin was regularly hit
by severe and extreme meteorological droughts from 1975 to
2008. Te result also indicates that the 1980s was the most
hazardous decade compared to other decades. Spatially, the
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Figure 4: Meteorological drought time series in Abbay river basin using SPI.
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drought frequently occurred in the northern parts of the basin
(Gondar, Makisegnit, and Debre Tabor) compared to other
stations in the western and east south parts (see Table 4).

RDI was computed from 1981 to 2015 for ffteen me-
teorological stations. As shown in Figure 5, the frequency of
severe and extreme drought decreases from RDI1 to RDI12,
but its severity and duration are increased. 1984, 1991, 1994,
and 2001 were found to be the common severe drought
events in most stations in the Abbay river basin. Te longest
duration was found from 2000 to 2004. Te result of RDI
highly agrees with the result of SPI in all time scales. In the
northern and northeastern parts of the basin (Makisegnit,
Gondar, Debre Tabor, Deneba, and Mehalmeda), severe
droughts occur more frequently than in the western part
(Assosa and Nekemt).

3.3. Hydrological Drought Characterization Using SDI.
Te hydrological drought analysis was computed using SDI
by considering eight streamfow stations (Bahir Dar,
Border, Gilgel Beles, Gummera, Kessie, Chemoga, Robi-
gumera, and Guder) from 1973 to 2014 for fve consecutive
stations, from 1973 to 2009 for two stations, Chemoga and
Guder, and from 1983 to 2009 for Robigumera station (see
Table 1 and Figure 6). Similar to SPI and RDI, the SDI was
computed for four time scales depending on diferent

season variations (SDI1, SDI3, SDI6, and SDI12).Te result
showed that the SDI1 value for Border and Kessie lies under
extreme drought during 1983 and 1986, whereas Chemoga
and Bahir Dar stations were under extreme drought during
2001 and 2009 for SDI1 and SDI3, respectively (see
Figure 6).

In Figure 6, SDI3, SDI6, and SDI12 commonly showed
that from 1978 to 1987, the Abbay river basin was highly
afected by hydrological drought for ten consecutive years.
In the year 1989, the central and the lower parts of the
basin (Kessie and Border) were under a moderate
drought, but the upper part of the basin was in normal to
mild drought conditions (Gummera and Bahir Dar),
whereas Guder and Gilgel Beles were under wet condition,
respectively. Gilgel Beles and Bahir Dar stations experi-
enced moderate to severe drought from 2007 to 2011,
whereas Gummera, Kessie, and Border stations were
under wet conditions from 2005 to 2013. Generally, after
1988, the hydrological drought severity in most stations of
the basin decreased. Seven streamfow stations were
collected from the head to the lower parts of the river
basin and nearer and to the main Abbay river basin. But
Robigumera is taken from the Jema sub-basin in the east-
southern part of the basin, and the result shows that the
sub-basin was under severe drought during 1983, 1988,

Table 4: Severe and extreme drought years in the Abbay river basin during 1973–2014 in SPI12.

Station Drought year Magnitude Frequency (%) Drought category

Bahir Dar 1981 −2.77 2.44 Extreme
2008 −1.89 2.44 Severe

Chagni

1985 −1.94 7.32 Severe
1994 −1.51 Severe
2008 −1.82 Severe
2010 −2.76 2.44 Extreme

Dangila
1991 −2.57 4.88 Extreme
1994 −2.23 Extreme
2001 −1.73 2.44 Severe

Debre Tabor
1975 −2.22 4.88 Extreme
1984 −2.03 Extreme
2001 −1.54 2.44 Severe

Gondar 1981 −2.10 2.44 Extreme

Gundewoin
1985 −1.98 2.44 Severe
1986 −2.2 4.88 Extreme
1991 −3.12 Extreme

Makisegnit
1989 −1.74 4.88 Severe
1991 −2.37 2.44 Extreme
1993 −1.51 Severe

Assosa 1995 −2.72 3.23 Extreme

Debre Berhan 1986 −1.56 6.42 Severe
1994 −2.64 3.23 Extreme

Deneba 2001 −2.88 3.23 Extreme
2014 −1.66 3.23 Severe

Fiche 2001 −1.62 3.23 Severe
2014 −2.32 3.23 Extreme

Mehalmeda 1996 −1.94 3.23 Severe
2014 −2.46 3.23 Extreme

Nekemt 1985 −1.76 3.23 Severe
1987 −2.29 3.23 Extreme
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and 1991. Te overall result of SDI1, SDI3, SDI6, and
SDI12 indicated that the Jema sub-basin is relatively wet
and the efect of drought is minimal compared to the Tan
sub-basin (upper) and Kessie sub-basin (middle). Te
result from SPI and RDI also supports the result of SDI in
the Jema sub-basin.

As shown in Table 5, four severe drought events and one
extreme drought event occurred in Kessie station from a period
of 1979 to 1986. Next to Kessie station, Border and Gilgel Beles
stations were also highly afected by severe drought. Te fre-
quency of severe drought is minimum at Bahir Dar, Gummera,
Chemoga, and Guder stations.
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Figure 5: Meteorological drought time series in Abbay river basin using RDI.
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3.4. Meteorological andHydrological Drought Trend Analysis.
Meteorological and hydrological drought trend in the Abbay
river basin was computed using the Mann–Kendall (MK)
test integrated with AUT_MK_Sen.exe software. Te result
indicated that at the seasonal time scale (SDI3), there is a
signifcant increasing drought trend in two streamfow

stations (Gummera and Kessie), upper and middle parts of
the basin, respectively, and in the remaining fve stations,
there is no signifcant hydrological drought trend. For the
annual time scale (SDI12), three stations (Border, Gummera,
and Kessie) have a signifcant hydrological drought trend at
a 5% signifcant level (see Table 6). Severe and extreme
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Figure 6: Hydrological drought (SDI) time series in Abbay river basin.
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drought events occurred from 1979 to 1986 for Border,
Gummera, and Kessie streamfow stations. Te trend
analysis is shown in Table 6.

However, as shown in Table 7, in seasonal (SPI3) and
annual (SPI12) meteorological drought trend analysis,
there is no signifcant trend at a 5% signifcance level in
most stations except Debre Berhan and Fiche stations.
Te analysis of the meteorological drought trend using
RDI also shows almost the same result as SPI, in which
only Debre Berhan and Fiche have an increasing trend,
but other stations have no trend. Tables 6 and 7 imply
that considering temperature and streamfow data in
drought analysis will give good information about the
drought trend than using a single precipitation variable.
From this result, it is understood that monitoring hy-
drological drought is important in the future to manage
the available water resource efectively during drought
periods.

3.5. Comparing Meteorological and Hydrological Drought.
Te distribution of rainfall in Ethiopia is highly varying from
time to time and from place to place. SPI follows the var-
iability series of rainfall in time and space. As a result, the
meteorological drought trend of the Abbay river basin does
not show a signifcant trend from 1973 to 2014 for most
stations. But in two stations, Debre Berhan and Fiche have
increasing trends both in SPI and RDI indices. On the other
hand, streamfow measurement is taken at the outlet of the
concentrated fow location of a basin.Terefore, the fow has
followed an increasing or decreasing trend depending on the
seasonal variation of rainfall over the basin. Terefore, the
hydrological drought trend directly follows the trend of
streamfow in the river, i.e., if the streamfow increases, the
drought phenomenon decreased and vice versa.Te result of
this study reveals that the hydrological drought condition of
some streamfow stations increased from 1973 to 2014 (see
Table 6). Te correlation of the SPI, RDI, and SDI values was

Table 5: Severe and extreme drought years in the Abbay river basin during 1973–2014 in SDI12.

Station Drought year Magnitude Frequency (%) Drought category

Bahir Dar 1984 −2.29 2.44 Extreme
2010 −1.98 2.44 Severe

Border

1979 −1.62 4.88 Severe
1983 −2.11 Extreme
1984 −2.47 4.88 Extreme
1987 −1.5 Severe

Gilgel Beles

1982 −2.35 2.44 Extreme
1983 −1.66 Severe
1984 −1.5 9.76 Severe
2008 −1.59 Severe

Gummera 1978 −1.84 4.88 Severe
1983 −1.66 Severe

Kessie

1979 −1.52 9.76 Severe
1981 −1.53 Severe
1983 −2.21 2.44 Extreme
1984 −1.91 Severe
1986 −1.69 Severe

Chemoga 1994 −1.63 2.78 Severe
2001 −2.94 2.78 Extreme

Guder 1994 −1.52 5.56 Severe
2002 −1.6 Severe

Robigumera
1983 −1.79 11.54 Severe
1988 −1.61 Severe
1991 −1.89 Severe

Table 6: Results of Mann–Kendall (MK) test for SDI3 and SDI12.

Stations Bahir Dar Border Chemoga Gilgel Beles Guder Gummera Kessie Robigumera
SDI3

Z calculated 1.48 1.85 −2.08 −1.88 1.28 2.64 2.37 1.26
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend No trend Decrease No trend No trend Increase Increase No trend

SDI12
Z calculated −0.1 2.13 −2.22 −1.13 1.38 2.09 2.13 0.62
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend Increase Decrease No trend No trend Increase Increase No trend
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computed for short, medium, and long time scale (1 month,
3 months, 6 months, and 12 months). Table 8 indicates that
the relationship between SPI, RDI, and SDI in the Abbay
river basin was increased from a short time scale (1 month to
3months) to a long-term time scale (6 months to 12months)
with a value of 0.54, 0.83, 0.84, and 0.87, respectively, for SDI
and SPI correlation. In the same manner, the correlation of
RDI and SDI also increased from short-term to long-term
time scale, except that RDI6 to SDI6 is 0.72, but RDI3 to

SDI3 is found to be 0.84. On the other hand, the correlation
of SPI and RDI is excellent for all time scales with a value of
0.95. Tis indicates that meteorological drought analyses
using SPI and RDI in this basin will be relatively the same.
Tis result is also supported by Bayissa et al. [23] in which
the correlation of SPI and RDI for Kiremt (3 months) is 0.5
and that for annual (12 months) is 0.85, respectively.
However, the correlation of SPI and RDI in this study has
high strength than Bayissa’s fnding. Te analysis of the

Table 7: Result of Mann–Kendall (MK) test for SPI3, SPI12, RDI3, and RDI12.

Stations Bahir Dar Chagni Dangila Debre Tabor Gondar Gundewoin Makisegnit
SPI3

Z calculated 0.53 −0.33 −0.07 −0.72 0.55 1.47 0.2
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend No trend No trend No trend No trend No trend No trend

SPI12
Z calculated 0.85 −0.37 −0.64 −0.52 0.52 0.88 −0.03
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend No trend No trend No trend No trend No trend No trend
Stations Mehalmeda Debre Berhan Alem Ketema Deneba Lemi Fiche Assosa Nekemt

SPI3
Z calculated 0.82 2.99 0.51 1.37 0.27 2.70 -0.11 0.17
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend Increase No trend No trend No trend Increase No trend No trend

SPI12
Z calculated 0.37 2.87 −0.34 −0.07 −0.83 0.93 −0.04 1.65
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend Increase No trend No trend No trend No trend No trend No trend
Stations Bahir Dar Chagni Dangila Debre Tabor Gondar Gundewoin Makisegnit

RDI3
Z calculated 1.58 0.37 0.9 0.9 -0.5 2.03 0.63
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend No trend No trend No trend No trend Increase No trend

RDI12
Z calculated 0.63 0.6 0.5 0.87 0.11 1.69 −0.24
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend No trend No trend No trend No trend No trend No trend
Stations Mehalmeda Debre Berhan Alem Ketema Deneba Lemi Fiche Assosa Nekemt

RDI3
Z calculated 0.56 2.52 0.2 0.36 0.27 2.28 −0.71 0.5
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend Increase No trend No trend No trend Increase No trend

RDI12
Z calculated −0.89 2.02 −0.78 −0.71 −0.99 0.59 0.09 0.99
Z critical(a�0.05) ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96 ±1.96
Trend (MK) No trend Increase No trend No trend No trend No trend No trend

Table 8: Hydrometeorological drought index correlation.

Correlation SPI1 SPI3 SPI6 SPI12 RDI1 RDI3 RDI6 RDI12
SDI1 0. 4 0.63 0.49 0.51 0. 8 0.66 0.43 0.46
SDI3 0.35 0.83 0.82 0.78 0.34 0.84 0.72 0.68
SDI6 0.29 0.81 0.84 0.78 0.26 0.80 0.72 0.66
SDI12 0.45 0.75 0.81 0.87 0.47 0.79 0.78 0.83
SPI1 1 0.66 0.49 0.55 0.9 0.65 0.41 0.54
SPI3 0.66 1.00 0.83 0.83 0.56 0.9 0.68 0.71
SPI6 0.49 0.83 1.00 0.9 0.43 0.85 0.9 0.89
SPI12 0.55 0.83 0.9 1.00 0.51 0.87 0.91 0.9 
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correlation between two meteorological drought indices and
one hydrological drought index was considered from 1985 to
2014, which is the common data availability period for all
indicators. Te overall result shows that SDI has a relatively
strong correlation with SPI than RDI.

3.6. Spatial Distribution of Drought in Abbay River Basin.
In this study, the temporal variability of hydrometeorological
drought variability was assessed from ffteen meteorological
stations and eight hydrological stations (streamfow stations)
in the Abbay river basin. But the temporal result gives in-
formation only about the magnitude of the drought event
corresponding to the analysis time scale and it hides the
spatial distribution of drought. Spatial distribution analysis
has a vital role in drought early warning system development
and appropriate drought mitigation measure planning. Fig-
ure 7 indicates the spatial variability of hydrometeorological
drought in the Abbay river basin for selected drought events.
1986, 1991, 1994, and 2001 were found to have common
moderate to extreme drought conditions for SDI, SPI, and
RDI indices inmost stations. In 1986, SDI12 and RDI 12 value

shows that most of the Abbay river basin was under severe to
extreme drought (see Figure 7). On the other hand, in 1994
and 2001, the basin was afected by severe drought based on
SDI 12 and RDI 12 results, respectively. However, the SPI 12
spatial variability is minimal compared to SDI and RDI in-
dices in all selected drought years. In the case of 1991, the
basin was predominantly afected by moderate drought in
both meteorological and hydrological drought indices. Te
meteorological drought spatial distribution analysis using SPI
shows the minimum drought-prone area coverage compared
to RDI. However, the hydrological drought severity is highly
visible compared to meteorological drought results as indi-
cated in Figure 7. Tis implies that investigation of hydro-
logical drought is important to prepare good water resource
management policy and drought early warning system de-
velopment and mitigation measures in the Abbay river basin.

4. Conclusion

In this study, the temporal-based assessment of the historical
hydrometeorological drought in the Abbay river basin,
Ethiopia, is presented. Te analysis was conducted using 42
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Figure 7: Spatial distribution of hydrometeorological drought in the Abbay river basin.

Advances in Meteorology 15



years of data (1973–2014) from ffteen meteorological stations
and eight streamfow stations. Te hydrological and meteo-
rological drought time series was performed using two me-
teorological drought indices (SPI and RDI) and one
hydrological drought index (SDI), respectively. Te trend
analysis was computed using theMann–Kendall (MK) test, and
the result indicates that there was a positive increment of
hydrological drought trend at Gummera, Kessie, and Border
stations (upper-middle-lower parts of the basin), respectively,
for a long time scale (SDI12). But for the case of meteorological
drought, there is no signifcant drought trends at a 5% sig-
nifcant level for most stations in all time scales except Debre
Berhan and Fiche which have increasing trend at SPI12 and
RDI12. Te most common severe hydrological drought years
of the Abbay river basin were 1978, 1979, 1986, 1987, and 2010,
whereas the extreme drought years were 1982, 1983, 1984, and
2001. For the meteorological drought condition, 1985, 2001,
and 2008 were severe drought years, and 1975, 1981, 1984,
1986, 1991, 1994, and 2010 were extreme drought years.
Commonly, 186, 1991, 1994, and 2001 were selected for spatial
distribution analysis for SDI12, SPI12, and RDI12 time scales.
Generally, in the 1980s, frequent drought events occurred in
both meteorological and hydrological droughts. Te rela-
tionship betweenmeteorological and hydrological drought was
increased as the time scale increased from 1 month to
12 months. SPI and RDI have a high correlation, and this
implies that both indices are suitable for meteorological
drought analysis in the Abbay river basin. Te spatiotemporal
drought variability of hydrological drought results shows that
more attention is needed for water resourcemanagement in the
Abbay river basin. Recently, the Ethiopian government has
planned many water resource-related projects to reduce the
impact of poverty. However, hydrological drought studies are
still limited in the country. Hydrological drought investigation
will show the historical drought severity condition and trend of
a specifc area, and it is possible to forecast the future hy-
drometeorological constraints in water resource management
and infrastructure development. Terefore, this study has a
vital role for decision makers, researchers, water resource
managers, and policymakers as a primary source for drought
preparedness and mitigation measure development in the
Abbay river basin.
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Te data used to support the fndings of this study are
available from the corresponding author upon request, and
it is possible to access them from the Ethiopian Meteorology
Institute (EMI) and Ministry of Water and Energy (MoWE),
Ethiopia.

Conflicts of Interest

Te authors declare that there are no conficts of interest.

References

[1] H. V. Lanen, N. Wanders, L. M. Tallaksen, and A. V. Loon,
“Hydrological Drought across the World: Impact of Climate

and Physical Catchment Structure,” Hydrology and Earth
System Sciences, vol. 17, no. 5, pp. 1715–1732, 2013.

[2] A. F. Van Loon, “Hydrological Drought Explained,” Wiley
interdisciplinary reviews, vol. 2, no. 4, 2018.
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