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ABSTRACT: Drought is characterized using parameters including duration, severity, intensity and spatial
coverage. Drought frequency and trend can also be used as additional parameters to further characterize drought
occurrences. In this study, drought occurrence was examined using Standard Precipitation and Evapotranspiration
Index (SPEI) as an assessment tool. Based on the SPEI results, spatial and temporal patterns were inspected both at
district and regional levels. In doing so, monthly climate data collected on selected stations, from the Dutch national
weather service known as the Royal Netherlands Meteorological Institute (KNMI), was used to assess the drought
trends and characterize the study area in terms of drought duration, severity, intensity, frequency, spatial extent as well
as drought trend. The analysis results indicated that most districts in the southern and eastern zones experienced more
intense droughts than the rest of the study area. It was also found that the average drought return period in the study
area ranged between 2.02 at 3-month, 6-month and 24-month time scales to 2.13 years at 12-month time scale. A
statistically significant increasing drought trend was also revealed at all-time scales. Generally, the study has revealed
an increasing trend of drought occurrence and spatially variable drought duration, severity, intensity and frequency in
the study area. The short return period and increasing drought trends indicate the need for urgent drought management
intervention.
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The first requirement in any scientific investigation is
clearly defining the problem or phenomenon to be
investigated (Yevjevich, 1967). However, drought,
one of the most damaging and complex environmental
hazards, is not yet fully understood. As a result it is
defined and conceptualized differently based on the
disciplines and viewpoints of the scholars or
researchers involved (Yevjevich, 1967; Zolotokrylin,
2010). It is stated in Wilhite and Glantz, (1985) that
“there cannot (and should not) be a universal
definition of drought”. From the conceptual point of
view, Wilhite, (1993) described drought as an
inevitable extreme climatic phenomenon with
periodical comebacks in nearly all regions of the
world. Redmond, (2002) presented drought by
associating it with water balance and emphasizing the
availability of sufficient water supply to satisfy the
demands. However, operational definitions attempt to
identify the onset, severity, continuation and
termination of drought episodes (Wilhite and Glantz,
1985). An operational definition is usually made by
comparing the current situation to the historical
average, often based on a 30-year period of records.
This type of definition of drought helps people to
identify the beginning, end, and degree of severity of
any drought event (Monacelli et al., 2005; Wilhite and
Glantz, 1985). Drought can be characterized by its
location, intensity, frequency and probability of
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occurrence (UNESCO, 2014; Unicef, 2011; UNISDR,
2009, 2015). Some studies also show that drought can
be characterized based on the intensity as abnormally
dry, moderate, severe, extreme, and exceptionally dry
(Wilhite, 1993; Zolotokrylin, 2010; Wilhite and
Glantz, 1985; Folger et al., 2012). According to
Svoboda et al. (2012), each drought event, therefore,
has a duration defined by its beginning and end, and an
intensity for each month that the event continues.
Moreover, frequency and intensity can be used to
characterize drought events. This characterization
might show the potential for the availability of higher
future drought occurrence probabilities in an area
(Zhang and Zhang, 2016). Svoboda et al. (2016) tried
to elaborate that the main goal of using drought indices
is to quantify drought on the landscape for a given time
period. This means that they provide a quantitative
assessment of the severity, location, timing, and
duration of drought events. Thus, drought indices in
combination with additional information on their
characteristics would be essential for tracking and
anticipating drought-related impacts. Indices may also
play a critical role by providing historical references to
support planners or decision makers in their effort to
manage drought events. Different studies show that
Northern Ethiopia is known for being frequently
affected by recurrent drought events (Devereux and
Sussex, 2000; Gebrehiwot et al., 2011; Mohammed et
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al., 2018; Viste et al., 2013; Webb and Braun, 1990).
As the result of these recurrent droughts, the
predominantly agrarian economy of the region with
85% depending on agriculture for subsistence has been
greatly affected and forced to live in dire conditions of
chronic hunger with low average energy supply
(Asheber, 2010; Devereux and Sussex, 2000). So far,
various attempts have been made to understand the
local climate variability and to reliably forecast future
drought impacts (Abraha, 2013; Abrha and Simhadri,
2015; Gebrehiwot and VanDerVeen, 2013; Gedif et
al., 2014). Ferris-Morris, (2003); Sara, (2010), have
also tried to demonstrate that the frequency, intensity
and spatial extent are crucial for understanding the
characteristics of drought on which management
decisions would be made. However, only few attempts
have been made to fully characterize the spatial and
temporal characteristics of drought in Tigray region.
Hence, this study was initiated to examine the
duration, severity, intensity, frequency, spatial extent
and trend of drought with the goal to fully characterize
the drought conditions in the study area. The output of
this research, thus aspiring to be the baseline
information for future drought management planning
and implementation.

MATERIALS AND METHODS

Study area: This study was conducted in Tigray
Regional State, located in the northern part of Ethiopia
(Figure 1). Geographically its covers the area laying
between 12°15°N and 14°57°N latitude and 36°27°E
and 39°59’E longitude (Gebrehiwot et al., 2011). The
state is divided into six administrative zones, one
special zone (Mekelle Special Zone) and 34 districts.
Based on the CSA, (2007) census report, The areal
coverage of the region is estimated to be 53,638 square
kilometres with a total population of 5,484,405
(projected for 2017 with an annual growth rate of
2.6%).
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Fig 1: Map of the study area

The altitude of the study area varies from about 500
meters above sea level in the northeast to around 3800
meters above sea level in the southwest. This marked
variation in altitude governs the climatic conditions
resulting in a distinct spatial distribution of
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temperature and rainfall in the area (Abraha, 2013;
Tesfay, 2006).
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Fig 2: Mean monthly and yearly precipitation and temperature of
the study area for the period from 1901 to 2016.

The region belongs to the sub-tropical climate which
is characterized by the sparse and highly uneven
distribution of seasonal rainfall and frequent drought.
The main rainfall season locally called “kiremti” starts
in June and lasts until September (see Figure 2a).
Rainfall in the region is highly variable temporally
(Figure 2b) and spatially, which results in strong
variation in yields of crops and livestock. Average
rainfall varies from about 200 mm in the northeast
lowlands to over 1000 mm in the south-west highlands
(Abraha, 2013). According to Gebrehiwot et al.,
(2011) the mean annual rainfall of the region is
estimated to be 473 mm. The average annual
temperature varies from less than 7.5°C in the
highlands, with greater than 3500 m.a.s.l, to greater
than 27°C in the eastern lowlands (Abraha, 2013).

Climate data: Gridded Climatic Research Unit (CRU)
Time-series (TS) data version 4.01 datasets were
collected  from  KNMI climate explorer
(https://climexp.knmi.nl/start.cgi) on monthly basis at
high resolution spatial (0.5° x 0.5% for 12 selected
stations. The gridded CRU TS 4.01 data are month-by-
month variations in climate over the period 1901 to
2017, provided, produced by CRU at the University of
East Anglia (Harris and Jones, 2017). These datasets
were chosen for their wider application in various
studies and spatial and temporal coverage. There also
are other widely used dataset versions like CRU TS 2.1
which were developed by (Mitchell and Jones, 2005)
with a temporal coverage of 1901 to 2002. Due to the
temporal coverage, however, the CRU TS 4.01 was
selected and used. To predict the climate data values
of unsampled locations in the study area, Kriging
interpolation, originated by (Krige, 1951) and
developed by Georges Matheron who named the
technique after D.J. Krige (Shekar and Xiong, 2008),
was used.

Drought analyses. Despite the widespread acceptance,
SPI does not account for atmospheric conditions, other
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than precipitation, that may affect drought severity
such as temperature, wind speed, and humidity. To
address  this, the Standardized Precipitation
Evapotranspiration Index (SPEI) was developed by
(Vicente-Serrano et al., 2010). It is computed similar
to SPI, with the only difference of incorporating
temperature changes as part of its analyses (Lweendo
et al., 2017). The SPEI is then recommended as an
alternative to SPI to quantify anomalies in
accumulated climatic water balance, incorporating
potential evapotranspiration (Stagge and Tallaksen,
2014). Hence, the value for SPEI, being the difference
between the precipitation (P) and PET for the month I,
was calculated as:

SPEI, = P, — PET,

Whereby the Monthly PET is calculated by the
Thornthwaite equation as:

10T\™

Where PET is monthly potential evapotranspiration, T
is mean temperature and I is the heat index calculated
as the total of 12 monthly index values, m is a
coefficient that depends on heat index and K is a factor
of correction calculated as a function of the month and
latitude.

Drought characterization: Drought occurs when the
SPEI is continuously below zero and reaches a value
of -1.0 or below and ends when SPEI value becomes
zero or above. Whenever a drought event has been
detected with a start and termination month, drought
properties such as duration, intensity and frequency
can be determined (Lweendo et al., 2017; Svoboda et
al., 2012). In this study, drought duration is expressed
as the total number of months between its start and end
(Van Loon et al, 2014). While drought severity
(Adhyani et al., 2017) being the absolute value of the
sum of negative index values during drought events,
drought intensity (Ponce et al., 2002) on the other
hand, is calculated by dividing severity with duration.
Lastly, drought frequency represents the number of
drought events divided by the total number of years of
the study period (Naumann et al., 013; Landman and
Engelbrecht, 2009; Mckee et al., 1993).

Trend analyses: A trend refers to an association or
correlation between concentration and time or spatial
location. Trend can also take various forms, such as
increasing, decreasing, or periodic (cyclic). Detecting
and assessing temporal and spatial trends is important
for many environmental studies and monitoring
programs (Interstate Technology Regulatory Council,
2013). However, before looking for a trend, the time
series data was tested for randomness using a Run’s
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test method. Testing for randomness could indicate the
presence or absence of trend in a time series data
(Ayoade, 2008).

Where, Z is a test of randomness, r is number of runs,
and n is sample size.

If the Z value falls between +1.96 then the series was
regarded as random hence no trend, but if it falls out of
the range then the time series data was considered not
random.

For the non-random time series data correlation
coefficient was used to further understand the strength
and direction (increasing or decreasing) of the trend.

RESULT AND DISCUSSION

Drought characterization: The results indicate that the
average drought intensity, the product of both duration
and severity, varied from 0.59 at 12-month time scale
to 0.77 at 3-month time scale. This could be attributed
to the varying inverse relationship between drought
duration and drought severity at all time scales. The
result was in agreement with Dracup et al. (1980)
stating that a decreasing drought severity is an
implication to the decreasing drought intensity. Hence,
as the average number of drought duration increased
from about 2 months at 3-month time scale to 14.5
months at 24-month time scale, the corresponding
average drought severity values increased from 1.6 to
11.9. This study also found that even though the
districts were classified into different classes based on
their duration, severity and intensity, it can be seen
from Table 1 that the differences between the lowest
and highest values are small. For instance, the
differences (range) between the maximum and
minimum number of months at 3-month, 6-month, 12-
month and 24-month time scales are 0.66, 1.01, 1.27
and 3.89 months (see Table 1). The range between
minimum and maximum values are even smaller for
severity and intensity at all time scales. Hence this
indicates that the average drought conditions in all
analysed districts do not vary much from each other.
Moreover, the longest drought years and, the strongest
drought severity and intensity years are identified and
presented in Table 2. A total of 35 years out of the 116
study years are identified as years with maximum (i.e.
3 months) drought months at 3-month time scale. Even
though not all of the drought years were captured
exactly, 21 drought years (i.e. 1919, 1931, 1952, 1962,
1966, 1970, 1973, 1982, 1984, 1985, 1990, 1991,
2002, 2003, 2009-2015) identified by this study have
also been identified as drought years by different
studies (Gebrehiwot et al., 2011; Mohammed et al.,
2018; Viste et al., 2013; Webb and Braun, 1990).
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Table 1: Average drought duration, severity and intensity per cent of coverage by threshold using Jenkin’s natural break method

Drought Duration Drought Severity Drought Intensity
Time Scale _ ~ ~
Threshold N ] Threshold N ] Threshold N U
151-1357 1 284 118-120 1 284 067-0W 11 3233
lmonth 157-207 30 8324 120-143 28 82335 O0T0-072 15 412
207-223 3 882 16-180 35 1471 072-077 § B33
312-360 13 3294 230-242 1 284 063-085 6 1765
G-month 360-384 14 4118 242-29% 17 5000 O065-068 22 &471
334-415 2 583 293-332 16 4706 D063-071 & 1765
602-719 15 4412 F42-560 17 000 059-061 10 2041
’month 71%-7533 16 4706 560-593 14 4118 O061-064 16 47.06
733-819 3 BE2 HB-65 3 882 O64-088 8§ B35
132-144 21 617 111-118 21 6176 O359-046 3 8.82
M-wonth 144-139 10 2041 113-12 9 2647 062-066 14 41.13
158-171 3 3.82 124-137 4 1176 O066-0W 17 3000

“N” number of districts under each threshold; “%" per cent of the area covered by the corresponding threshold

Table 2: The longest and strongest drought duration, severity and intensity years at the regional level

Time Scale DD Tear DS Year DI Year
1B01-1506, 1508, 1015, 16261627, 1631, 15351641, 1547,

Imonth 3 1952, 1062, 1965-1066 1969-1570, 1982, 1984, 18001002, 725 1902 242 1902
2002, 2004, 2008.2015
1801-1802, 1904-1806, 1508, 1515, 1918, 1927-1828, 1938-

Gmonth & 1841 1847, 1852, 1960, 1966, 1960, 1982-1684, 1590-1562, 1557 1902 238 1902

1886, 2002, 2004, 2008-2012

. ., 1902, 1906, 1919, 1927-1928, 1931, 1940-1941, 1970, 1973, .., ) .
B-month 12 50371085 1990-1991, 1997, 2002-2005 ,2008-2013 1264 132 18% 1s02
1907, 1927, 1970, 1973,
stmonh 24 190319071927, 1670 1573, 19841985, 1991, 19671998, . o0 oo oo

2003-2003, 2005-2013

“DD” for drought duration in months, “DS” for drought severity and “DI” for drought intensity

The longest drought years occurred multiple times
throughout the analyses period at all time scales. The
strongest drought severity was experienced in the
years 1902 at 3-month, 6-month and 12-month time
scales. While at 24-month time scale, the year 2012
was identified as a year with the highest drought
severity throughout all the analyses period. The
longest drought years occurred multiple times
throughout the analyses period at all time scales. The
strongest drought severity was experienced in the
years 1902 at 3-month, 6-month and 12-month time
scales. While at 24-month time scale, the year 2012
was identified as a year with the highest drought
severity throughout all the analyses period. The
number of years with the maximum drought duration
dropped from 34 years at 3-month time scale to only
32, 25 and 24 years at 6-month, 12-month and 24-
month time scales respectively. According to a study
by Viste et al. (2013), 2009 was the driest among the
recent years while 1984 was the driest between 1972
to 2010. Differently, this study has found that between
1970 and 2010, the year 1991 was the driest year
followed by 2009. However, in between the 2000 and
2016 drought years, the year 2012 was the driest year
closely followed by 2013. Looking at the overall
drought years that this study has covered (between
1901 and 2016), the strongest drought intensities
(driest years) were felt in the year 1902 at all time
scales except for the 24-month time scale. Similar to
the drought severity, the year 2012 was identified as a
year of highest drought intensity in all the analyses

years. Years 1902, 1903, 2012, 2013, 2010, 2011,
2016, 1940, 1939 and 1991 (from highest to lowest)
are the top 10 driest years in 116 years at 12-month
time scale. A drought risk assessment study in the
southern zone by Hadish, (2014) also indicated that
there were frequent droughts in districts of the
southern zone between 1998 and 2005.This study also
agreed with Gebrehiwot ef al. (2011) and identified
much similar drought years between 2000 and 2009.
Moreover, this study has found that the trend of
drought duration and severity have significantly
increased (at p < 0.01) at all time scales except at the
3-month time scale. Spatially, Figure 3a shows that
high drought durations are common in the western
zone at all time scales. Differently, higher drought
severity was commonly observed in western and
north-western zones at 3-month, 6-month and 24-
month time scales (see Figure 3b). At 12-month time
scale, however, high drought severity covered all
districts in the western zone. The spatial distribution of
drought intensity (Figure 3c) also indicated that high
drought intensities are dominant in the southern zone
at all time scales except at 12-month time scale. At 12-
month time scale, high drought intensities dominated
north-western and eastern zones in addition to the
southern zone. Hence, the southern zone is
comparatively the driest zone in the study area,
followed by the eastern zone. This finding was in
agreement with the findings of Gebrehiwot er al.
(2011), which reported that eastern and southern zones
as the most drought vulnerable areas.
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Fig 3: Spatial distribution of drought duration, drought severity
and drought intensity at 3-month, 6-month, 12-month and 24-
months timescale

Drought frequency: The analyses result in Table 3
indicates that the drought occurrence probability
decreased with increasing severity. Hence, mild
drought occurred more frequently (i.e. for 26.1.8% to
42.2% of time), while extreme drought occurred less
frequently at the range of 1.7% to 4.3% of time at all
time scales. It is not always easy to designate a specific
part of the study area into a category of drought
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frequency by severity. This is mainly due to the
variation in spatial coverage of drought occurrences at
different times scales. For instance, highly frequent
moderate drought is evident only in few districts of the
central and eastern zones at 3-month time scale (Figure
4b). Unlike moderate drought, Figure 4c¢ indicates that
the high-frequency severe drought is commonly
experienced in central, eastern and southern zones at
this time scale.

However, frequent extreme drought is less common
and covers only western and north-western zones
(Figure 4d). At 6-month time scale, the spatial extent
of frequent mild drought covered parts of the western,
central and eastern zones. High-frequency severe
drought covered parts of the central, eastern and
southern zones. Differently, the spatial distribution of
drought occurrence in Figure 4a shows that frequent
mild droughts are dominant in the north-western and
eastern zones at 12-month time scale.

Generally, it was observed that, mild drought recurred
from every 30 years at 24-month time scale to every
37 years at 3-month time scale. It was also revealed
that extreme drought recurred less frequently than
others at all time scales. The regional level analyses of
return period (Table 4) indicated that the return period
for mild drought is very short ranging from 2.7 years
at a 3-month time scale to 3.4 years at 24-month time
scale. It was also observed that moderate drought
occurred from every 7.31 years at a 24-month time
scale to 14.6 at 3-month time scale. However, the
return period for sever and extreme droughts was
longer than the moderate and mild drought conditions.
Accordingly, severe drought returned every 39, 39,
19.5 and 16.7 years at 3-month, 6-month, 12-month
and 24-month time scales respectively. The return
period for extreme drought got even longer. Table 4
shows that extreme drought returned every 29.2, 29.2,
39 and 117 years at 3-month, 6-month, 12-month and
24-month time scales respectively. Overall, the
regional level analyses indicated that drought (of any
severity class) occurred every two years at all time
scales.

Trend of drought occurrence: The runs test result for
regional level drought occurrence at 3-month, 6-
month, 12-month and 24-month time scales are shown
in Table 5. The test results indicated that all the
districts showed a non-random pattern at all time
scales. However, not all districts showed a statistically
significant (p < 0.05) increasing (negative) trend at all
time scales. It was also observed that the magnitude of
drought trend was higher in the western zone and
decreased as one moves from the western zone through
north-western, central, eastern to southern zones.
Three districts in the southern zone and one district in
the central zone showed a non-significant trend at 1-
month and 3-month time scales respectively.
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Fig 4: Spatial distribution of (a) mild, (b) moderate, (c) sever and (d) extreme drought frequencies (in %) at 3-month, 6-month, 12-month
and 24-month time scales

Table 3: Per cent coverage of drought frequency by severity class and time scale

Time Scale Mld Drought Moderate Drought Severe Drought Extreme Drought
ime Sca
rezshold N L Threshold N L] Threshold N U Threzhold N L

1-435 6 1763 345-6.80 12 3329 086-239 B 2333 112-172 17 5000
Imonth 343-379 16 4708 690-9.48 19 5588 23539-431 F 4412 172-230 10 2941
379-422 12 35329 043-1121 3 882 451-603% 11 323%5 229-431 7 2039
284-319 & 1763 431-6.03 8 2333 239-345 9 647 086-172 14 4118
G-month 319-371 13 334 6.03-8.62 18 5294 545-317 14 4118 172-239 12 3529
3T1-4035 15 4412 B62-1034 8 2533 5A17-650 11 3235 239-431 8B 233
%7-310 4 1178 431-517 4 1176 239-431 10 2941 08-172 14 4118
12-month 310-333 16 4708 517-862 25 73353 431-603 F 4412 172-230 11 32355
33-307 14 4118 B62-1121 5 M471 603-B82 9 2647 239-345 9 2647
261-287 7 2039 78-96 5 471 435-322 17 3000 000-015 1 254
M-month 287-313 17 3000 96-122 15 4412 5322-6% 14 4118 015-087 17 50,00
313-374 10 294] 12.2-157 14 4118 695-B70 3 282 087-174 16 4706

“N” refers to the number of districts under each threshold; “%" refers to the per cent of the area covered by the corresponding threshold

Moreover, the magnitude of drought trend also showed
an increasing pattern as the time scale increased from
1-month to 24-month time scale.

Table 4: Regional level drought return period by severity class and

time scale
Drought Severity Clazsz 3-month 6-month 12-month 24-month
Mild 272 185 114 XS
Moderate 1463 1170 13.00 731
Severs 1900 3900 1950 16.71
Extreme 2925 28237 3900 117.00
Over All 202 2.02 213 2.02

Hence, the highest trend values were observed at 24-
month time scale. The test result for drought trend at
the regional level in Table 5 also indicated that the
occurrence of drought showed a significant (p < 0.01)
increasing trend at all time scales. This finding was in
total agreement with a study in north-east highlands of
Ethiopia by Mohammed et al (2018) which
implemented SPI to test the trend of drought
occurrence and reported an increasing drought trend at
all time scales.
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Table 5: Test of randomness (z) and the product moment
correlation coefficient values for regional drought conditions at 3-
month, 6-month, 12-month and 24-month time scale

Time Run’s Correlation p-value
Scale test (z) Coefficient (r)
1-month -6.54 -0.168%* 0.0001
3-month -20.45 -0.224%* 0.0001
6-month -26.73 -0.253%* 0.0001
12-month -30.71 -0.298** 0.0001
24-month -31.50 -0.399%* 0.0001

“*” significant at p < 0.01 confidence level, “**” significant at p
< 0.001 confidence level
Moreover, similar to the pattern of drought magnitude
at the district level, the drought magnitude increased
from -0.17 at the 1-month time scale to -0.4 at the 24-
month time scale. The trend of drought was examined
at 1-month, 3-month, 6-month, 12-month and 24-
month time scales.

Conclusion: The study has found that, most districts in
the southern and eastern zones experienced more
intense droughts than the rest of the study area. It was
also found that the average drought return period in the
study area is very short. A statistically significant
increasing drought trend was also observed at all time
scales. Generally, the study has revealed an increasing
trend of drought occurrence and spatially variable
drought duration, severity, intensity and frequency in
the study area. This thus indicates the need for strong
drought management intervention in the study area.
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