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Abstract

Background: Below-normal availability of water for a considerable period of time induces occurrence of drought.
This paper investigates the Spatio-temporal characteristics of meteorological drought under changing climate. The
climate change was analyzed using delta based statistical downscaling approach of RCP 4.5 and RCP 8.5 in R software
packages. The meteorological drought was assessed using the Reconnaissance Drought Index (RDI).

Results: The result of climate change projections showed that the average annual minimum temperature will be
increased by about 0.8-2.9 °C. The mean annual maximum temperature will be also increased by 0.9-3.75 °C. The rain-
fall projection generally showed an increasing trend, it exhibited an average annual increase of 3.5-13.49% over the
study area. The projected drought events reached its maximum severity indicated extreme drought in the years 2043,
2044, 2073, and 2074. The RDI value shows drought will occurred after 1-6 and 2-7 years under RCP 4.5 and RCP 8.5
emission scenarios respectively over the study area. Almost more than 72 % of the current and future spatial coverage
of drought in the study area will be affected by extreme drought, 22.3% severely and 5.57 % also moderate drought.

Conclusions: Therefore, the study helps to provide useful information for policy decision makers to implement differ-
ent adaptation and mitigation measures of drought in the region.
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Background

Droughts is regularly happened during the past cen-
tury across the globe (Rivas-Martinez et al. 1999), these
droughts produced huge socio-economic and environ-
mental influences in this semi-arid region resulting in
massive-scale migration, famine and desertification, par-
ticularly during the last two drought events (Masih et al.
2014). Climate change related meteorological droughts
historically have been major causes for loses lives, envi-
ronmental loses, and forced millions of people to dis-
place and live in poverty (Gebrehiwot et al. 2011). More
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specific figures from recent drought events in Tigray
region exemplify the magnitude of drought-associated
impacts. For example, the meteorological drought of
2003 happened in northern highlands of Ethiopia led
to the worst famine since the mid-1980 s that affected
13.5 million people (Wagaw et al. 2005). In spite of the
recurrent and devastating nature of drought in different
areas of Tigray, it has received far less attention. There-
fore, this study is interested to explore drought event to
understand its severity, intensity, frequency, duration,
and its spatial extent in different areas using data gener-
ated over the specified period.

It is also one of natural hazard explained by a sub-
stantial reduction in water availability throughout a
prolonged period of time over a given area (Sousa et al.
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2011). For instance, drought in Ethiopia is one of the
main natural disasters throughout the human history
(Gebrehiwot et al. 2011). It has become a main concern
in the northern highlands of the country particularly in
Tigray region where food security and environmental
damages were commonly observed (Nicholson 2000).
Kanellou et al. (2008) and Loukas and Vasiliades (2004)
argue that Spatio-temporal characteristics of meteoro-
logical drought study are important to understand the
regional severity of drought to manage it effectively and
to reduce the agricultural production losses and to pro-
tect the environment.

Drought has increased in most places of Ethiopia,
which consistent with expectations for a warming cli-
mate. The changing earth temperature could increase
evaporation demand and increased spatio-temporal
variability of droughts in the coming period (Ault
et al. 2016). Long dry spells are often caused by cli-
mate change: duration, intensity and frequency have
increased in the past drought events (Stocker 2014).
Such incremental trend is projected to continue dur-
ing the 21st century as a consequence of climate change
(Stocker 2014).

Numerous standardized drought indices are devel-
oped by researchers for drought assessment based on
different hydro-climatic variables, such as precipitation,
streamflow, soil moisture, temperature, and runoff, each
drought index has their own limitation (Yisehak and
Zenebe 2020). For instant in arid and semi-arid regions,
drought events computed by over a long time period can
occur with the same frequency at all locations because
of the standardization of the index. Moreover, SPI value
computed at short time steps for the regions of high
precipitation may result in misleadingly large negative
or positive SPI. However, in arid and semi-arid regions,
high temperature along with shortage in precipitation
is an important factor responsible for the development
and progression of droughts (Thomas et al. 2016). In this
regard, Reconnaissance Drought Index (RDI) has been
used by many researchers for identifying the meteoro-
logical drought characteristics as it is more suited to arid
and semi-arid areas (Thomas et al. 2016).

Several researches have been carried out on droughts
and related issues in semi-arid highlands of northern
Ethiopia. Most of those researches used Standardized
Precipitation Index (SPI). For instance, Gidey et al. (2018)
Standardized Precipitation Index (SPI) was used to pre-
dict meteorological drought hazard under medium emis-
sion scenarios in Northern Raya Valley. Bayissa et al.
(2015) also used SPI to study the effect of the length of
records and to characterize drought in the Upper Blue
Nile Basin. However, to overcome the adverse limitation
of SPI, it’s essential assess meteorological drought based
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on RDI under both high and medium emission scenarios
in semi-arid highlands of northern Ethiopia.

Thus, the overall objectives of this study are to ana-
lyze and assess the spatial-temporal variation of mete-
orological drought in semi-arid highlands of northern
Ethiopia, using the RDI under both high and medium
climate change emission scenarios. Moreover, we tried
to characterize the meteorological droughts, duration,
severity, intensity, relative frequency and to map out the
spatial extent of drought using GIS applications for better
understanding drought severity in the near-term, mid-
term, and end-term. The results can provide support pol-
icy decision-making, effective drought monitoring, and
early warning system in the region.

Materials and methods

The study area

The study was conducted in four districts (Raya Azebo,
Enda-Mekoni, Ofla, and Raya Alamata) of Southern
zone of Tigray regional state. Geographically, they are
located between 12° 15’ 27" up to 12° 56’ 38" N latitude
and 39° 10’ 34" up to 39° 58’ 56" E longitude and have
a total land area of 6651 km?. The districts receive up to
an average of 766 mm of rainfall annually for the period
of (1980-2009). Rainfall is erratic and bimodal in this
area (Ayenew et al. 2013). During the last 30 years, the
maximum (T, ,.) and minimum temperature (T ;) were
28 up to 33 and 14 up to 16 °C respectively (Gidey et al.
2018) (Fig. 1).

Data and data sources

Thirty years daily meteorological data such as rainfall,
maximum temperature, and minimum temperature
for the period 1980-2009 obtained from the National
Meteorological Agency (NMA) were collected from four
meteorological stations. Fortunately, all districts have
meteorological stations and located in Mekoni, Maichew,
Korem and Alamata respectively (Table 1). Some data
were missed and inconsistency was also observed. To fill
out the missing meteorological data AgMIP data were
used.

Climate modelling

The future climate for all districts were projected for
near-term (2010-2039), mid-term (2040-2069), and end-
term (2070-2099), climate scenarios generated based on
Agricultural Model Inter-comparison and Improvement
Project (AgMIP) climate team methodology presented in
Rosenzweig et al. (2013) under two Representative Con-
centration Pathways (RCPs), RCP 4.5 (with radiative forc-
ing expected to stabilize at 4.5 W/m? by 2100) and RCP
8.5 (with radiative forcing which is expected 8.5 W/m?
by 2100) were generated for better understanding of the
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Fig. 1 Location of study area

Table 1 Location of meteorological stations in the study area

SN Stations Longitude (E)  Latitude (N) ~ Z(m)  Period

1 Alamata 39.71 1242 1589 1980-2009
2 Korem 39.50 12.51 2450  1980-2009
3 Maichew  39.53 12.78 2432 1980-2009
4 Mekoni 39.65 12.80 1590 1980-2009

adverse impacts of climate change in the region under
high and medium scenarios. The climate scenarios were
created from the Couple Model Intercomparison Project
Phase 5 (CMIP5) of an ensemble of 5 General Circula-
tion Models (GCMs) based on the series baseline (1980—
2009) daily climate data by applying the delta change
method computed in R-programming.

Numerous climate modeling approaches have been
tested in the past decades (Giorgi et al. 1992; Kim et al.
2014; Pal et al. 2000), such as the delta change approach

(Hay et al. 2000), the multiplicative correction (Graham
et al. 2007), the monthly non-linear correction (Bordoy
and Burlando 2013) and power transformation (Lean-
der and Buishand 2007). Some of the approach con-
sist of correcting the mean error, while others focus
on both average and variance or on the correction of
mean and standard deviation (Teutschbein and Seibert
2013). While, delta change approach focus on extremes
is needed for extreme event analysis such as flood
and drought. Therefore, in this study the delta change
approach has been applied. This approach has the advan-
tage of taking into account both change mean and in the
extremes (Ouédraogo et al. 2019; Sarr et al. 2015).

In this study, for the period of 2010-2018 was consid-
ered as model validation by comparing observed and pro-
jected climate model. The performance of climate model
evaluated using the root mean square error (RMSE),
the mean absolute error (MAE), the relative error (RE),
and coefficient of determination (R?). Form the total 26
General Circulation Models (GCMs) five GCMs were
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selected such as Community Climate System Model
(CCSM4), GGFDL-ESM2M, HadGEM2-ES (Met Office
Hadley Centre) of UK, MIROCS5 (Model for Interdisci-
plinary Research on Climate) and MPI-ESM-MR. Those
were selected based on their consistency, and resolution
performance for East and sub-Saharan Africa (Rosenz-
weig et al. 2013; Sillmann and Roeckner 2008).

Drought indices analysis

Estimation of evapotranspiration (ETo)

Drought index calculator (DrinC) provides a module
for the calculation of PET with the following tempera-
ture based methods: Hargreaves and Samani 1982, 1985;
Rivas-Martinez et al. 1999 and Blaney—Criddle Dooren-
bos 1975). In this study the Hargreaves and Samani
method has been used to estimate reference evapotran-
spiration (ETo) as described as following below:

Tmin

T —
ETopar = 0.0023Ra(Tmax — Tmin)®> (% + 17.8)

1)

where, ETop,= ETo estimated by the Hargreaves

equation (mm day-1); Ra=extraterrestrial radiation

(MJ m-2 day-1); T,,.,=maximum air temperature (°C);
T in = Minimum air temperature (°C).

Reconnaissance Drought Index (RDI)

Drought severity was assessed through the computa-
tion of RDI. The RDI was developed to approach the
water deficit in a more accurate way, as a sort of balance
between input and output in a water system (Tsakiris and
Vangelis 2005; Tsakiris et al. 2007). The RDI calculated
based both on cumulative Precipitation (P) and Potential
Evapotranspiration (PET), which are measured (P) and
calculated (PET). The calculation method of PET, how-
ever, does not seem to affect the results of RDI in any
way (Vangelis et al. 2013).The initial value (oy) of RDI cal-
culated for the i year in a time basis of k (months) as
describe as following below:

k ..

1 Pi
%,i = 1(1)Nandj = 1(1)K )
3 j=1 PETij

where, P;; and PET;; are the cumulative precipitation and
potential evapotranspiration of the j month of the ith
year respectively and N is the total number of years of the
available data.

i
ak—

Yi—y
~ (3)
Jy

RDI' =

. — A
where, Y; is the In (), Y is its arithmetic mean and §  is
its standard deviation.
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In case the gamma distribution is applied, the RDI
can be calculated by fitting the gamma probability den-
sity function (pdf) to the given frequency distribution
of ak (Tigkas 2008; Tsakiris et al. 2008). For short ref-
erence periods (e.g. monthly or 3-months) which may
include zero values for the cumulative precipitation of
the period, the RDI can be calculated based on a compos-
ite cumulative distribution function including: the prob-
ability of zero precipitation, and the gamma cumulative
probability.

Positive values of RDI indicate wet periods, while nega-
tive values indicate dry periods compared with the nor-
mal conditions of the area. The severity of drought events
increases when RDI values are getting highly negative.
According to Tigkas et al. 2013 RDI drought severity can
be categorized in mild, moderate, severe and extreme
classes, with corresponding boundary values of RDIst
(—0.5 to —1.0), (—1.0 to —1.5), (— 1.5 to -2.0), and (<
—2.0), respectively.

The gamma distribution was applied; the RDI calcu-
lated by fitting the pdf to the given frequency distribu-
tion of oy. RDI has been determined for the current and
future periods for a hydrological year in 12-month time
scale.

Drought characteristics

In this study, RDI meteorological drought indicators
were used and calculated for 12 months. The nega-
tive and positive values of RDI are considered as the
drought and non-drought events, respectively. As
drought is defined when the values of RDI fall below
zero, a drought event is considered a period with
negative RDI values. In order to measure length of
drought duration and magnitude of drought severity, a
threshold value must be defined.

Drought duration (D): the period length in which
the RDI is continuous negative, started from the SPI
values is equal to minus one and ends when the RDI
values turn out to be positive.

Drought severity (S): the cumulated SPI values
within the drought duration, which is defined by Eq. 3
and intensity of drought is the ratio of severity of
drought to its duration.

D
S=— ZRDI,B
i=1

The relative frequency (RF): the ratio of number
of years with drought events (n) (Negative RDI) to
number of total years (N), as defined by Saravi et al.
(2009).
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RE = % 1004
N

Spatial variation maps of drought severity

The inverse distance weighted (IDW) method was used
to map the spatial extent of drought from point data. It is
intuitive and efficient for spatial analysis (Shepard 1968).
The analysis was done using Geostatistical analysis tool
of ArcMap 10.2.

Results and discussion

Climate change modelling

The temperatures were increased with the time period in
both RCP’s overall districts. The highest minimum and
maximum temperature were simulated during the end
term period under RCP 8.5 (Tables 2 and 3). The high-
est temperature was recorded in Raya Azebo and Enda-
Mekoni district (4.2°C and 3.4 °C) in RCP 8.5 for both
minimum and maximum temperatures respectively.
The lowest temperatures recorded were 0.6 °C, 1.0 °C,
0.9 °C, and 1.0 °C for Raya Alamata, Ofla, Enda Mekoni
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and Raya Azebo districts in RCP 4.5 near-term periods
respectively. Numerous investigation also clearly shown
that average annual minimum and maximum tempera-
ture are predictable to increase in the future (Araya et al.
2015; Ashenafi 2014). For instant, Elshamy et al. (2009)
shows average annual temperature increase over the
northern Ethiopia between 2 °C and 5 °C at the end of
the 21st Century compared to the baseline period. In
the Raya Azebo, mean annual rainfall was increased by
28.7% during the end term period under RCP 8.5, while
in Ofla increased by 1.6 % (Table 4). The climate projec-
tion result shows the precipitation projection exhibited
an increase in annual mean rainfall. Future projections of
rainfall are more complex to disentangle unlike temper-
ature. Elshamy et al. (2009) indicate a future projection
positive shift of change in rainfall magnitude for most of
east Africa, including Ethiopia. The model validation was
evaluated on a monthly basis to test performance of the
climate model. The model performance statistics (RMSE,
MAE, RE, and R?) are summarized in Table 5.

Table 2 Changes in Temperature minimum (°C) compared to the baseline over the four districts in RCP 4.5 and RCP 8.5

Districts RCP 45 RCP 85

Near term Mid term End term Near term Mid term End term
Raya Alamata 09 1.5 17 1.0 2.1 37
Ofla 1.0 1.8 2.3 1.0 25 4.1
Enda-Mekoni 1.0 1.7 22 1.0 23 3.0
Raya Azebo 1.0 2.0 2.3 1.0 25 4.2
Table 3 Changes in Temperature maximum (°C) compared to the baseline over the four districts in RCP 4.5 & RCP 8.5
Districts RCP 4.5 RCP 8.5

Near term Mid term End term Near term Mid term End term
Raya Alamata 06 14 1.6 1.0 1.7 1.9
Ofla 1.0 1.8 23 12 26 33
Enda-Mekoni 0.9 1.6 2.1 1.2 24 34
Raya Azebo 1.0 1.6 2.1 12 26 3.0
Table 4 Changes in annual rainfall (%) compared to the baseline over four districts in RCP 4.5 & RCP 8.5
Rainfall RCP 4.5 RCP 8.5
Districts

Near term Mid term End term Near term Mid term End term
Raya Alamata 28 1.3 30 52 4.0 8.2
Ofla 16 2.7 44 6.6 54 9.6
Enda-Mekoni 27 33 53 6.3 5.1 7.1
Raya Azebo 7.1 10.3 16.6 85 16.1 28.7
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Projection of meteorological droughts

The temporal variation of projected RDI in Raya-
Alamata, Raya-Azebo, Ofla, and Enda-Mekoni districts
are given in (Fig. 2a-h). Even though the future projected
rainfall increases, the RDI results depend on the tem-
perature, which indicate drought in the region. In all dis-
tricts RDI can be observed that in the current period in
the years 1983, 1984, 2013, and 2014 had the maximum
severity indicated extreme drought with the magnitude
range between —2.10 to — 2.86. Indeed, these years were
among the worst drought years in the history of Ethio-
pia (Bayissa et al. 2015; Edossa et al. 2010; Gebrehiwot
et al. 2011; Yisehak and Zenebe 2020). Numerous inves-
tigations show that severe drought have been occurred
in these years and caused substantial damage in terms
of life and economic losses (Bayissa et al. 2015; Edossa
et al. 2010; Gebrehiwot et al. 2011). While, due to climate
change impact in the future years 2043, 2044, 2073, and
2074 extreme drought will be occurred with magnitude
range between —2.07 to —2.69 under both emission sce-
narios, except Raya-Azebo will be observed moderate
drought. The drought events reached its maximum value
in the region in the mid-term and end-term periods. The
result of this research have also similarities with research
findings of Gidey et al. (2018) which were carried out
in Raya valley. At the same time studies by Gebrehiwot
et al. (2011) also confirm that the drought will increase
at an alarming rate due to climate change for the future
in region.

Table 5 Validation statistics of climate modeling performance
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Drought characteristics

In preparation for drought mitigation, it is important to
understand the drought characteristics through drought
analysis. It consists of reliable information as the pri-
mary factor in the decision-making process (Wilhite
and Svoboda 2000). As shown in the Table 6, RDI sum-
mary results of duration, severity, intensity, and relative
frequency for each district with the 12-month times-
scales. Recapitulation has shown the apparent difference
in duration, severity, intensity, and relative frequency of
each districts, it describes the characteristics of drought
in one district had difference with other district. The
highest duration of RDI of 6-years was predicted under
RCP 4.5 emission scenario in Ofla, Enda Mekoni, and
Raya Alamata districts. In Ofla district the highest length
of drought (duration was recorded) in the current year
and in the mid-term, whereas in Enda-Mekoni only in the
mid-term. In Raya Alamata district, observation was for
the current, near-term, and mid-term. RCP 8.5 emission
scenario ware predicted the highest of drought duration
of 7-years and it was in Ofla and Raya Alamata districts
in the mid-term. Experts have long predicted that the
frequency and intensity of droughts would increase as
a result of climate change, especially in semi-arid areas
(Zhao and Dai 2015).

Spatial variation maps of drought severity

The variation of drought characteristics spatial cover-
age has been carried out using RDI by interpolation
of the RDI values of the driest year at various districts

Distracts Evaluation RCP 4.5 RCP 8.5
Rainfall Trmax Tmin Rainfall Trax Tmin
Raya Alamata RMSE 15.30 5.80 3.02 26.30 5.95 323
MAE 0.21 0.21 0.15 0.27 0.17 0.16
RE 1.10 0.20 —0.10 1.00 —0.20 —0.20
R? 0.81 0.98 0.93 0.75 0.93 091
Ofla RMSE 10.10 4.50 350 13.20 5.50 424
MAE 5.74 0.32 0.22 0.57 0.19 0.14
RE 1.50 0.12 -0.20 1.40 0.10 —020
R? 0.87 091 0.95 0.89 0.98 0.97
Enda-Mekoni RMSE 17.20 3.80 2.02 22.30 4.15 2.13
MAE 161 0.51 045 1.77 017 0.36
RE 1.15 0.30 —0.10 1.30 0.20 —0.20
R? 0.71 098 094 0.85 0.96 0.91
Raya-Azebo RMSE 20.10 1.50 2.50 23.20 250 324
MAE 1.74 0.37 032 157 049 0.44
RE 1.90 0.02 —0.20 0.60 1.10 —0.20
R? 0.82 0.99 095 0.85 0.99 0.98
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Fig. 2 RDI value calculation from observed (1980-2009) and projected rainfall and temperature data at Raya Alamata (a, b), Raya Azebo (c, d), Ofla
(e, f), and Enda Mekoni (g, h) district during in 2021-2099 under RCP 4.5 and RCP 8.5 emission scenarios

for the 12 months’ meteorological drought. The analy-
sis has been carried out in ArcGIS using the inverse
distance weighted (IDW) method. The duration and
deficit volume severity of a spatial drought event, at
a particular time, is relevant information for drought
management.

In current time-series, the RDI drought shows 71 %
covers extreme drought in southern districts in all
part of Ofla and Raya Alamata and nearly in Enda
Mekoni and Raya Azebo districts. The RCP 4.5 emis-
sion scenarios projection shows that the spatial cover-
age of RDI drought expected to be 81 %, 70 %, and 74 %

in the near-term, mid-term, and end-term period,
respectively and this extreme drought can happen
some part of southern Tigray, as in ofla, Raya Azebo,
and Raya Alamata and in almost half parts of Enda
Mekoni district. While, RCP 8.5 emission scenarios
projection shows in all districts the spatial coverage
of RDI expected to be 65% and 58 % in the mid-term
and end-term periods, respectively, extreme drought
can happen in ofla, and Raya Alamata and nearly Raya
Azebo districts. While, 33 % severe drought will be
expected Enda Mekoni given in the Fig. 3.The spatial
analysis of drought shows that most of the drought



Yisehak et al. Environ Syst Res (2021) 10:21 Page 8 of 10

Table 6 Recapitulation of Projected drought events for RDI-12

No. Districts Period RCP 45 RCP 85

D S | RF% D S | RF%

1 Ofla Current 6 7.9 13 20 6 7.9 1.3 20
Near-term 5 70 14 20 5 7.0 14 20
Mid-term 6 79 13 20 7 8.8 13 20
End-term 5 7.1 14 20 5 6.8 14 20

2 Raya Azebo Current 3 35 12 10 3 35 12 10
Near-term 3 34 1.1 10 3 35 1.2 10
Mid-term 3 33 1.1 10 2 2.2 1.1 10
End-term 1 1.2 1.2 10 2 2.2 1.1 10

3 Enda-Mekoni Current 5 6.7 1.3 20 5 6.7 13 20
Near-term 3 4.8 1.6 10 4 59 15 10
Mid-term 4 57 14 10 5 6.6 1.3 20
End-term 6 79 13 20 5 6.6 13 20

4 Raya Alamata Current 6 8.1 14 20 6 8.1 14 20
Near-term 6 82 14 20 5 7.0 14 17
Mid-term 6 79 13 20 7 6.3 09 23
End-term 5 7.1 14 17 6 79 1.3 20

D Length of drought (Duration) in the year, S Severity, / Intensity, RF relative frequency

frequency and extreme events are recorded in the Conclusions

region. The majority of the region experienced severe
and extreme drought event. The Spatial drought risk
events indicate a potential hazard to the rain-feed
agriculture (Gebrehiwot et al. 2011; Yirga 2020).

Projected mean annual temperature and rainfall show
that an increasing trend in the future climate. The pro-
jected precipitation reveals an annual increase for all
the three-time scales (i.e. near-term, mid-term, and
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end-term) in both RCP 4.5 and RCP 8.5 emission sce-
nario over the southern part of Tigray.

The drought conditions in Ofla and Raya Azebo
districts will continue without changing the current
drought frequency. In the other two districts show an
increasing and a decreasing in drought frequency under
changing climate, prominent to higher risk in terms
of strengthened destruction of drought. This in turn
delivers indication for proper policy enforcement to
safeguard and control drought and flooding associated
risks in the study area. Spatial extent of meteorological
drought, they are almost the same to the study area, but
unlikely for meteorological drought characteristics of
duration, intensity, and relative frequency, because of
the result had different in magnitude.

The current and future spatial coverage of drought
in the study area affected by extreme drought and the
remain percent affected by severely and moderate
drought. The entire study area of those four districts
can be considered as drought prone areas. Thus, dif-
ferent land and water management activities should be
implemented in place to minimize the drought impacts
in the region.
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