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Abstract: Drought assessment and trend analysis of precipitation and temperature time series
are essential in the planning and management of water resources. Long-term precipitation and
temperature historical records (monthly for 41 years, from 1980 to 2020) are used to investigate annual
drought characteristics and trend analysis in Somalia’s northern region. Six drought indices of the
normal Standardized Precipitation Index (normal-SPI), the log normal Standardized Precipitation
Index (log-SPI), the Standardized Precipitation Index using the gamma distribution (Gamma-SPI),
the Percent of Normal Index (PNI), the Discrepancy Precipitation Index (DPI), and the Deciles Index
(DI) are used in this study for the annual drought assessment. The log-SPI, the gamma-SPI, the
PNI, and the DPI could capture historical extreme and severe droughts that occurred in the early
1980s and over the last two decades. The results indicate that Somalia has gone through extended
drought periods over the past quarter century, exacerbating the existing humanitarian situation. The
normal-SPI, gamma-SPI, and PNI indicate less and moderate drought conditions, whereas log-SPI, DPI,
and DI accurately capture historical extreme and severe drought periods; thus, these methods are
recommended as annual drought assessment tools in the studied region. Not only are the PNI and
DPI less correlated to each other, but their correlation coefficient (CC) with SPI-based drought indices
are not as high as SPI-based indices which are close to unity. For the purpose of the trend analysis,
the Mann Kendall (MK) test, the Spearman’s rho (SR) test, and the Sen test are used. Furthermore, the
Pettitt test is implemented to detect the change points and the Thiel-Sen approach is used to estimate
the magnitude of trend in the precipitation and temperature time series. The results indicate that
there is overall warming in the region which has experienced a significant shift in trend direction
since 2000. The trend analysis of annual precipitation data time series shows that Bossaso and Garowe
stations have significant positive trends, while the Qardho station has no trend. In 1997 and 1998,
respectively, abrupt changes in annual precipitation are detected at Qardho and Garowe stations. Due
to the civil war of more than three decades in Somalia and the non-institutionalized governance to
inform historical drought conditions in the country, determining the most appropriate meteorological
drought index would help to develop a drought monitoring system for states and the entire country.

Keywords: deciles drought index; discrepancy precipitation index; drought; percentage of normal
index; Somalia; standardized precipitation index

1. Introduction

Drought is a natural disaster that occurs due to less precipitation than average over a
lengthy period of time in a region, affecting natural environmental functions and human
activities. Inadequate rainfall can reduce soil moisture or groundwater, decrease river flow,
cause agricultural failure, and cause water scarcity. Malnutrition and death are primarily
caused by shortages of food and water [1,2]. Drought has both immediate and long-term
effects on the environment and the economy. It is regarded as a natural hazard that can lead
to mass migration. It has killed more than 11 million people and harmed 2 billion people
since the 19th century, far more than any other natural disaster. Droughts can happen in
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almost every part of the world, even in wet places [3]. Droughts can last for several weeks,
months, years, a decade, or longer in some regions. The longer a drought exists, the worse
the consequences for humans are. Droughts cause water and food insecurity, especially in
developing countries, and worsen hunger and civil unrest problems.

Drought can be classified into four categories as meteorological, agricultural, hydro-
logical, and socioeconomic. Meteorological drought is described as a lack of precipitation
across a region for an extended period of time, typically accompanied by high temperatures,
high winds, and low humidity, all of which can cause potential evapotranspiration to in-
crease. Agricultural drought can be defined as the varying vulnerability of crops at different
stages of development, from emergence through maturity [1]. Agriculture drought is the
first economic sector that could be influenced by weather conditions. Low precipitation
may impact streamflow, lake, and reservoir levels and may cause their elevations to drop
to abnormally low levels as a result. Hydrological drought refers to the effects of periods of
rainfall or snowfall shortages on surface or subsurface water supplies, including streamflow,
reservoir, and groundwater. Watershed or river basin scales are frequently used for analysis
of hydrological drought’s frequency and severity. Although all droughts begin with a lack
of rainfall, hydrologists are primarily interested in how precipitation manifests itself in the
hydrologic system. Hydrological droughts frequently occur concurrently with or later than
meteorological and agricultural droughts. Precipitation shortfalls require time to express
themselves in components of the hydrological system such as soil moisture, streamflow,
groundwater, and reservoir levels. Socioeconomic drought negatively impacts people’s
health, quality of life, and the supply of goods and services to a community [4-6].

Climate change and human activities have increased greenhouse gas emissions into
the atmosphere, leading to a sustained rise in global average temperatures [7-9]. As a
result, evapotranspiration rates have increased, and higher temperatures have resulted in
wildfires and longer dry spells. As a result of global warming, droughts are becoming more
common [10,11]. To this end, historical droughts should be investigated in terms of causes
and impacts during their occurrences. Drought mitigation should be done in three stages:
before, during, and after the drought. Not only would the consequences be considerably
decreased, but also they would be at a low cost.

Somalia has been engulfed in civil war for nearly two decades, resulting in non-
institutionalized governance [5,11-13]. Drought research is hampered by war, making it
challenging to raise drought awareness. In Somalia, there is currently no national drought
monitor in place. Therefore, determining the most appropriate meteorological drought
index would help authorities to develop a drought monitoring system for states and the
entire country. This technique can give decision-makers in the region a clear picture of the
drought risk and allow them to take preventative steps. Many earlier studies in Somalia on
drought incidences have concentrated on crisis management [11-13] rather than examining
drought occurrence patterns and regional distribution. Hence, there is an obvious need
to better understand historical drought to build a strategy for mitigating drought-related
impacts in the future. Drought monitoring is an essential issue for predicting and analyzing
drought consequences. Droughts in Somalia’s especially semi-arid Puntland state have
resulted in thousands of people and livestock deaths and significant economic consequences
for the agricultural sector due to the uneven temporal and spatial distribution of rainfall.

The main contributions of this study are as follows:

(i) This is a problem-oriented study aiming at providing insights for the decision-makers
in the region to have a clear picture of the drought risk and allow them to take
preventative steps. More than three decades of civil war in Somalia have resulted
in the non-institutionalized governance to inform historical drought conditions in
the country.

(ii) This study aims to investigate and assess the duration and severity of meteorologi-
cal droughts using different meteorological indices due to no single index that can
represent all aspects of meteorological drought. To this end, Percent of Normal Index
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(PNI), Deciles Index (DI), Standardized Precipitation Index (normal-SPI, gamma-SPI,
log-SPI), and Discrepancy Precipitation Index (DPI) are utilized.

(iii) This study aims to identify the annual precipitation and temperature trends during
1980-2020 in the Puntland region of Somalia. To the best knowledge of the authors,
no comprehensive study has yet been conducted to investigate the trends and turn
points events for the temperature and precipitation time series in Puntland region
of Somalia in the literature. This study might give insights to the water resources
planning in the region under climate change conditions.

The PNI, DI, and DPI indices are applied to annual data series, and their computations
are quite simple. PNI and DPI require normal distribution of the data while DPI does not
require any imposing of any probability distribution function [14]. The SPI methods require
normal distribution, log-normal distribution, or gamma-distribution [6]. However, these
methods can also be applied to shorter periods (monthly, three-month, and six-month)
drought assessments. More details on the limitations and advantages of different drought
indices can be found in Mihsra and Singh [6].

2. Study Area

Somalia, with a total land area of 637 km?, is a peninsula in Africa’s north eastern
region, bordered by three other countries on three sides; Djibouti is located in northwest,
Ethiopia on the western edge, and Kenya in the southwest. Somalia is surrounded by
three bodies of water: Gulf of Aden, Indian Ocean, and Guardafui Channel. The topogra-
phy in Somalia can be distinguished as five distinct physio-geographic zones as follows:
(i) plains along the northern coast known as Guban, (ii) the northern Golis mountain range
and the plateaus, (iii) the central coastal plains, (iv) the broad limestone-sandstone plateau
that spans most of central and southern Somalia, and (v) the part of south flood plains
which have the highest potential for agricultural production. Somalia’s climate has no
significant seasonal variation due to its closeness to the equator. However, certain unpre-
dictable rainstorms occur from time to time. The average daily maximum temperature
ranges from 25 °C to 40 °C. The average daily minimum temperature varies from 15 °C to
20 °C, except for high altitudes along the eastern seaboard. The annual precipitation in the
northeastern region is less than 90 mm and approximately 200 mm to 300 mm in the central
highlands. However, the northwest and southwestern parts of the country receive more
rain, averaging from 410 mm to 510 mm per year.

Rainfall is typically in the form of scattered showers or severe downpours, and it is
highly unpredictable. In Somalia, there are four distinct seasons: (i) Jilal season, which
lasts from December up to March and is the driest and most challenging time of the year;
(ii) Gu season, or primary rainy season, which lasts from April to June and is the wettest
period of the year. The rains, which originate in the southwest, revitalize the pasture area,
particularly on the central plateau, and the desert quickly changes into lush flora during
this period; (iii) Hagaa season is the second dry season, which lasts from July to September
and is the driest period of the year; and (iv) Deyr season which includes the second and
shorter rainy season from October to November.

Except for those living along Juba and Shabelle rivers, all regions in Somalia rely on
groundwater for domestic water, livestock, and small-scale agriculture. There is a deficiency
in rain, and there is no perennial surface water in most parts of the country. Boreholes,
shallow wells, and springs are Somalia’s most common groundwater resources. Residents
in rural and urban areas use groundwater to meet their domestic and livestock water
demands and small-scale irrigation. The most common groundwater resources are shallow
wells (manual drilling), wells, springs, subsurface dams, and infiltration galleries. The
region uses important groundwater resources such as dug wells, boreholes, and springs.

Puntland is a state in north eastern Somalia, bordering the Gulf of Aden to the north
and the Indian Ocean to the southeast (Figure 1). Puntland has a population of about 2.4 mil-
lion people and covers about one-third of the country’s geographical area of 212,500 km?.
The state’s climate is described as semi-arid with a warm climate. There are two rainy
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seasons of Gu and Deyr as described above with a poor rainfall distribution pattern of
27-250 mm annually. Most of Puntland territory is arid rangelands, and it is best suited for
livestock grazing and not for crop production due to the general scarcity of water and the
saline soils with high content of salt deposits.
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Figure 1. Study area and meteorological stations.
The National Office of Meteorology of Somalia provided the data used in this study.
The meteorological data from three meteorological stations (Bossaso, Qardho and Garowe)
located in Puntland region are used (Figure 1). Precipitation and maximum and mini-
mum temperatures time series are shown in Figures 2—4, respectively. The data involved
the long-term monthly precipitation and temperature historical records from 1980 to
2020. This study, however, employed the annual data, based on the recorded monthly
data, to investigate the annual drought characteristics and trend analysis in Somalia’s
northern region.
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Figure 2. Precipitation time series for Bossaso, Qardho, and Garowe stations.
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Figure 3. Maximum temperature (T;x) time series for Bossaso, Qardho, and Garowe stations.
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Figure 4. Minimum temperature (T},;,,) time series for Bossaso, Qardho, and Garowe stations.
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3. Methods

The Standardized Precipitation Index (log-SPI, normal-SPI, and gamma-SPI), Deciles In-
dex (DI), Discrepancy Precipitation Index (DPI), and Percentage of Normal Index (PNI) are
used in this study to detect annual meteorological drought based on monthly precipitation
data in the three stations in Puntland state of Somalia. In order to identify trends in the
precipitation and temperature time series, the Mann Kendall (MK) test, Spearman’s rho
(SR) test, Sen trend test, Pettitt test, and Thiel-Sen technique are used.

3.1. Drought Indices
3.1.1. Standardized Precipitation Index Methods

The Standardized Precipitation Index methods (normal-SPI, log-SPI, and gamma-SPI)
are extensively used for evaluating the severity of meteorological drought. A long-term
precipitation series [6] can be used to calculate the index established by Mckee et al. [15].
The drought classification is the same for each index, as presented in Table 1 where the
negative SPI illustrates dry periods, while positive SPI values indicate wet periods [16].

Table 1. Drought classification for SPI values.

SPI Drought Classification
>2.00 Extremely wet
1.50 to 1.99 Very wet
1.00 to1.49 Moderately wet
0.99 to —0.99 Near normal
—1.00 to —1.49 Moderately drought
—1.50 to —1.99 Severe drought
<-2.00 Extremely drought

Normal-SPI

The normal-SPI uses the normal probability distribution [17]. In terms of mathematics,
it is straightforward to compute, and in this example, the SPI index can be expressed
as follows:

A

_ L, _x—p
SPI=Z7="— 1)

PN

where x is a precipitation value; Z is the standardized precipitation value; and i and ¢ are
the mean and standard deviation of precipitation data, respectively.

Log-SPI

Similar to the gamma distribution, the log-normal distribution is positively skewed
and non-negative. It is a logarithmic modification of the data and has the advantage of
simplicity [18]. The log-normal SPI is determined as follows:

SPI:Z:w ()

PN

g

Gamma-SPI

Gamma-SPI is the most widely applied observational model for precipitation data. It
involves fitting a gamma probability density function to a given time series of precipita-
tion [19]. Its probability density function is defined as

g(x) = ,B”;(“) 21k forx > 0 (©)]

where 8 and o and are the shape and scale parameters, respectively, and I'(c) is the Gamma
function defined by [20]:

I(a) = /Om 7y le Yy )
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o and B parameters can be estimated as follows:

a:41A<1+ 1+4§‘> ®)
p=1 ©

with
A =1n(x) — =0 h;(") @)

where 7 is the number of observations and X represents the average precipitation. After
estimating the coefficients, the probability density function is integrated concerning x,
which yields the following expression for the cumulative probability:

X 1 X
G(x) :/0 g(x)dx = ﬁ“r(tx)/o x* e/ Py 8)
Substituting ¢ for x/B
— 1 * a—1 —t
G(x) = F(tx)/o e dt )

can be obtained. As the gamma function is not defined for x = 0, for the possibility of zero
values, the cumulative probability is

H(x) =g+ (1-9)G(x) (10)

in which q is zero probability. In the case of zero precipitation probability (g), the cumulative
probability distribution is transformed into the standard normal distribution.

3.1.2. Percent of Normal Index (PNI)

The Percent of Normal Index (PNI) is a meteorological drought statistic computed
by dividing actual precipitation by average precipitation and multiplying the result by
100 percent to get the percentage of normal [17]. It is typically used to calculate the long-
term mean precipitation when at least a 30-year average is considered. The drought index
is generally considered as 100 percent monthly, seasonally, and annually, with less than
100 percent of PNI values indicating dry periods. As a result, applying PNI alone cannot
give conclusive results. Table 2 shows the PNI drought index classification.

Table 2. PNI drought classification (Barua et al. [21]).

PNI (%) Drought Classification
>100 Wet

80 to 110 Normal

55 to 80 Moderately dry

40 to 55 Severely dry
<40 Extremely dry

3.1.3. Discrepancy Precipitation Index (DPI)

Tayfur [14] developed the Discrepancy Precipitation Index (DPI) to analyze and moni-
tor the meteorological drought. The method does not apply a probability distribution to
the precipitation data; instead, it is based on the mean value discrepancy. The D-score
values are used to classify droughts, and drought categorization ranges are identical to
the standard precipitation index (SPI). The suggested DPI is based on the discrepancy of
precipitation data concerning the mean value. It is mathematically expressed as follows

DPI = D; = 1og(1;'> (11)
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P:%ZL P.=123,---,N (12)
where D; is the discrepancy value (D-score) for the i-th precipitation, P; is the precipitation
in data series, and P is the mean value of the precipitation data series-typically considered
to be a 30-year mean [17]. Accordingly, once D = 0, P; is equal to P,Dis positive when
P; > P, and D is negative when P; < P. The drought classification is categorized according
to D-score values, as presented in Table 3 [14].

Table 3. Drought classification for DPI values [14].

DPI Drought Classification Remark
0.0 to —0.19 Near normal about 36% more or less than the mean value
—0.20 to —0.39 Moderate drought about 37-59% less than the mean value
—0.40 to —0.59 Severe drought about 60-74% less than the mean value
<-0.60 Extreme drought about 75% or more less than the mean value

3.1.4. Deciles Index (DI)

Gibbs and Maher [22] proposed the Deciles Index (DI) that involved dividing monthly
precipitation data into deciles. DI is a simple tool that takes simple precipitation data and
is commonly used in Australia. To generate a cumulative frequency distribution using the
DI approach, long-term total monthly precipitation records were ranked from highest to
lowest. Afterwards, the distribution was separated into ten equal deciles, as represented
in Table 4.

Table 4. Drought classification for DI values.

DI Drought Classification
Deciles 1-2 Lowest 20% much below normal
Deciles 34 Next lowest 20% below normal
Deciles 5-6 Middle 20% near normal
Deciles 7-8 Next highest 20% above normal

Deciles 9-10 Highest 20% much above normal

3.2. Trend Test Methods
3.2.1. Spearman’s Rho Test

This method determines whether or not there is a trend in a data time series. The null
hypothesis Hy implies that the presented data are independently and identically distributed
across time. In contrast, the alternative hypothesis Hy shows a trend during the period
under consideration. Through Spearman’s rho (SR) test statistics D and Zgg are obtained
using Equations (13) and (14), respectively, as [23]

_ 6 o (R(xi) — i)2

P n(n?—1)

(13)

n—2
1-D2
where R(x;) is the rank of i-th observation x; within the time series having size of n. In
this test, H, is rejected, and Hj is accepted if | Zgg | > 2.08 for the 5% significance level.
Positive values of Zgr indicate the trending decrease, while the negative values indicate an
increasing trend.

Zsg =D (14)

3.2.2. Mann—Kendall Test

The fundamental goal of the Mann-Kendall test (MK) is to determine whether the vari-
able of interest has a monotonic rising or decreasing trend over time. The term monotonic
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upward (downward) trend refers to a variable that continuously rises (falls) across time.
The null hypothesis Hy and the alternative hypothesis H; are related to the non-existence
and existence of a trend, respectively [23]. The MK test is calculated as follows:

1; IfXj > X
sgn(xj—xj) = ¢ 0; Ifx; = xi (15)
=1 Ifxj <xi
-1
S=Y,, 27:i+1 sgn(xi — x;) (16)

where x; and x;, respectively, indicate the data values at times i and j, and 7 is the length of
the data set. If S value is positive, the variable consistently increases through time, while
the negative value of S indicates a decreasing trend. Equation (17) is used in cases where
n is larger than 0 [24].

n(n—1)(2n+5) - ti(t; —1)(2t; +5)
18

Var(S) = (17)
where p indicates the number of tied groups, and ¢; is the number of data points in the
path group. After the variance of time is provided in Equation (17), the standard Z can be
expressed by Equation (18) as follows [23].

S—1
g /S>0
Z=20; IfS=0 (18)
—=tL; 1fS<0

\/Var(S)’

The calculated Z value is compared with the standard regular distribution table with
two tailed confidence levels. When |Z1 > Z; — a/2, Hj is rejected, and H, is accepted,
which means there is a significant trend. Otherwise, Hy is accepted, and H, is rejected,
which means the trend is not statistically significant. The significant level of 5%, which
refers to Z; — a/2 =1.96, was used for the MK method in this study.

3.2.3. Sen Test

Sen’s linear trend slope method, introduced by Sen [25], is used to determine the
trend’s linear slope. According to the Cartesian coordinate system, this method is based on
dividing the data’s time series into two equal halves, rating them from highest to lowest,
and then plotting them against each other with the first sub-series (x;) on the X-axis and
the second sub-series (xj) on the Y-axis.

3.2.4. Thiel-Sen Test

After the identified trend tests, the Thiel-Sen method is utilized to calculate the magni-
tude of the slope. To explain the Thiel-Sen technique mathematically, Equation (19) can
be utilized [23].

Xi

B = Median (x; - ) (19)

where x; and X; denote the time series” sequential data values in the times i and j, respec-
tively; and B shows the estimated the trend slope in the data time series.

3.2.5. Pettitt’s Test

Pettitt’s test [26] frequently finds a single change-point in a hydro-meteorological time
series with ambiguous data. Let ¢ be the time of the transition point for a given time series
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(x1,x2, ..., x) of length n. By dividing the time series at time ¢, the samples x1, xp, ... , x;
and X¢41, Xt42, . .. , X, can be obtained. U; as a test statistic can be represented as [27]

Ur =Yy Yy sgn(xi—x) (20)
lifx>0

sgn(x) =< 0ifx=0 (21)
—-1lifx <0

The maximum | U; | at time ¢ can be considered the most significant change point.
The approximated significance change probability P(t) for the change point can be
expressed by [27]

n3 + n?

P(t)=1- exp(_6ut2> (22)

When the approximated probability exceeds (1 — «), the change point considered to
be a statistically significant level of a.

4. Results
4.1. Drought Analysis

Different drought indices based on monthly precipitation records for 41 years obtained
from three stations are investigated. These methods are used to determine the features of
drought and to analyze which drought index(es) may be used to evaluate drought in the
region. For three stations, Qardho, Bossaso, and Garowe, the Standardized Precipitation
Index (Normal-SPI, Log-SPI, and Gamma-SPI), the Percent of Normal Index (PNI), the
Deciles Index (DI), and Discrepancy Precipitation Index (DPI) are calculated, as detailed
further below.

4.1.1. Bossaso Station

The DPI, SPI, and PNI findings are presented in Figures 5-7, respectively, while Table 5
provides a summary of the DI results for the Bossaso Station. It is seen in Figure 5 that
Bossaso Station experienced extreme droughts in the years 1988 and 2011 with DPI values
of —0.65 and —1.12, respectively; severe droughts in the years 1989 and 2009 with DPI
values of —0.52 and —0.43 respectively; and moderate droughts in the years 1981, 1986,
1987, 2002 and 2014 with DPI values of —0.24, —0.28, —0.36, —0.35, and —0.27, respectively.
As shown in Figure 6, although there are slight differences for Normal-SPI, Log-SPI, and
Gamma-SPI, all of the methods generated the same results. In this case, the log-SPI and the
gamma-SPI performed similarly in predicting the severe drought in 2011. The normal-SPI
produces wetter and less drought-prone conditions. The data presented in Figures 5-7
demonstrate that the extreme drought was identified in 2011, while separate drought
events took place in 1988, 1989, and 2009. Long dry spells were observed between the
years 1986 and 1989, as well as between 2009 and 2011. According to the DI approach,
droughts occurred when annual precipitation was less than 24.98 mm. As shown in Table 5,
precipitations less than 22.29 mm/year and 10 mm/year were severe and extreme drought
indicators, respectively.

Table 5. DI result for Bossaso station.

Annual Rainfall Values (mm) Drought Classification
13.8-9.6 Much below normal
20.7-22.3 Below normal
25-27 Near normal
31.4-33.7 Above normal

48.1-60 Much above normal
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Figure 5. DPI results for 12-month period for Bossaso station.
4
3 | Bossaso
£y
¥
’ [ L
i N £ AN
8 ) Ln—mf (NEEAN f AT I / \f
= N T\ PR A NI A YA N ’ ‘\ A
> -1 ~'\ Ij * A
i .
2 \A-.n./ \!
3 —== N.SPI —-- Gamma - Log
-4
S = A 0 FT VN O XN AN T VO XN — AT VOV HNOO =N F N OO
N 0 0 W0 X P PV PV X X NADNDNDDADNDNDDNDNDND OO QD = N
2222222222222 222222 2K58SSSSSSSSSSISSIIKISLRS
12-Months
Figure 6. SPI results for 12-month period for Bossaso Station.
180%
160% | Bossaso
140%
120%
& 100% -
&80% |

2002
2003
2004
2005
2006
2007
2008
2009
1
1
1
1
1
1
1
1
1
1
2

Figure 7. PNI results for 12-month period for Bossaso station.

4.1.2. Qardho Station

Figures 8-10 show the results of the DPI, SPI, and PNI measurements. DI findings are
shown in Table 6. According to the DPI results given in Figure 8 for the Qardho station, it is
seen that extreme droughts happened in 2008 and 2011 with DPI values of —1.31 and —1.09,
respectively; severe droughts in 1988, 2000 and 2015, with DPI values of —0.47, —0.41, and
—0.52, respectively; and moderate droughts in 1980, 1981, 1987, and 2022 with DPI values
of —0.22, —0.27, —0.29, and —0.21, respectively. The extreme droughts occurred in 2011 and
2008, as indicated by the Normal-SPI, Log-SP1, Gamma-SPI, and DPI. Normal-SPI, DPI, and
PNI show moderate droughts. In the years 2002 and 2004, the Log-SPI and Gamma-SPI
captured severe droughts. Droughts in 1981, 2004, 2005, and 2010 were moderate, according
to the Log-SPI and DPI. The years 2005 and 2010 were identified as moderate drought years
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by the Log-SPI and Gamma-SPI. The data presented in Figures 8-10 demonstrate that the
extreme droughts were identified in 2011, while separate drought events took place in
1988, 1989, and 2009. Long dry spells were observed between the years 1986 and 1989,
as well as between 2009 and 2011. Droughts occurred when yearly rainfall was less than
220 mm, according to DI values (Table 6). When annual rainfall fell below 210 mm, severe
droughts developed.
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Figure 8. DPI results for 12-month period for Qardho station.
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Figure 9. SPI results 12-month period for Qardho station.
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Figure 10. PNI results for 12-month period for Qardho station.
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Table 6. DI result for Qardho station.

Annual Rainfall Values (mm)

Drought Classification

96.9-168.3 Much below normal
212.6-217.3 Below normal
220.5-227.1 Near normal
234.3-258 Above normal
344.6-481.8 Much above normal

4.1.3. Garowe Station

The DPI, SPI, and PNI results for Garowe station are presented in Figures 11-13,
respectively, while Table 7 summarizes the DI results for the Garowe station. Looking
at Figure 11, it can be understood that Garowe station experienced extreme droughts
in the years 2011 and 2012 with DPI values of —0.87 and —0.92, respectively; severe
droughts in the years 1996, 2001, 2015, and 2016 with DPI values of —0.42, —0.47, —0.41,
and —0.55, respectively; and moderate droughts in the years 1981, 1982, 1986, 1987, and
1995 with DPI values of —0.22, —0.25, —0.27, —0.32, and —0.39, respectively. For extreme,
severe, and moderate droughts intensities, the Normal-SPI, Log-SPI, Gamma-SPI, and DPI
all show the same results at this station. According to the results of the four methods
mentioned, the extreme droughts occurred in 2011 and 2012, severe droughts in 2015 and
2016, and moderate droughts in 1986, 1987, 1995, 1996, and 2001. Droughts occurred when
yearly rainfall was less than 166 mm according to DI values shown in Table 7. When
annual rainfall fell below 162 mm and 136 mm, these became severe and extreme droughts
conditions, respectively.
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Figure 11. DPI results for 12-month period for Garowe station.
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Figure 12. SPI results for 12-month period for Garowe station.
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Figure 13. PNI results for 12-month period for Garowe station.

Table 7. DI result for Garowe station.

Annual Rainfall Values (mm) Drought Classification
43.7-136.2 Much below normal
151-161.4 Below normal
166-183.7 Near normal
208-243.4 Above normal

318.8-406.4 Much above normal

4.2. Trend Analysis

Trend analysis is a technique for determining whether or not a hydro-meteorological
data set is trending. The main goal of the trend analysis in this study is to view past and
future changes in meteorological variables (precipitation and temperature). The trend in
precipitation and temperature time series was investigated using 41 years of meteorological
records. In order to identify the trends in the time series, the Mann-Kendall (MK) test,
Spearman’s rho (SR), and the Sen trend test are used. The Pettitt test is applied for detecting
the change point while the Thiel-Sen technique is implemented to assess the magnitude of
trend in the precipitation and temperature time series.

4.2.1. Temperature Trend

The Mann-Kendall, Spearman’s rho, Sen, and Pettitt tests are used to investigate
maximum, minimum, and average annual temperature trends. MK, Sen, and SR tests
are used to identify trends in temperature time series, while Pettitt’s test is used to detect
change points. Results for temperature trend analysis are given in Table 8. For three study
stations, almost all records show an increasing trend.

Table 8. Temperature time series trend analysis results.

SR MK Sen Thiel-Sen Pettitt’s Test
. Trend Test
Station Method Trend? B (Rate of Changepoint
Zsr VA +/—) Increase) (Year)
per Decade (°C)
Tinax 2.6 2.45 Yes (+) 0.2 2000
Bossaso Tavg 5.27 4.22 Yes (+) 0.3 2000
Toiin 6.11 5.17 Yes (+) 0.4 2000
Toax 1.89 1.34 No (—-) - -
Qardho Tavg 6.02 4.77 Yes (+) 0.2 2000
Toin 7.24 5.47 Yes (+) 0.3 2000
Toax 2.71 2.52 Yes (+) 0.2 2000
Garowe Tavg 5.67 45 Yes (+) 04 2000

Ty 5.15 429 Yes (+) 05 2000
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The MK and SR tests produced the same results for three stations; they found sig-
nificant trends in the minimum and the average temperature in all of the stations and
significant trends in the maximum temperature at Bossaso and Garowe stations. However,
no trend in the maximum temperature records at Qardho station was seen. After the trends
were identified using the MK and SR tests, the Thiel-Sen method was used to estimate the
magnitude of the slope (change per unit time), and the results showed that the annual aver-
age temperature increased at a rate of 0.2 °C, 0.3 °C, and 0.4 °C per decade in the Qardho,
Bossaso, and Garowe stations, respectively. Pettitt’s test for the results in all stations found
that there are sudden shifts, also known as jumps, in the annual temperature’s maximum,
minimum, and average values. The year 2000 marks the beginning of the sudden change
in the temperature time series.

4.2.2. Precipitation Trend

The annual precipitation time series are analyzed using the three rain gauge stations
of Bossaso, Qardho, and Garowe. Results of precipitation trend analysis based on five
different approaches are shown in Table 9. According to the results, the MK and SR methods
came up with the same result: increasing trends are absorbed in the Bossaso and Garowe
stations, but no trend was seen in the Qardho station. The annual precipitation in Bossaso
and Garowe stations increased as 3.67 mm and 5.41 mm per year, respectively, using the
Theil Sen’s method. In the years 1998 and 1997, two change points are discovered in the
Qardho and Garowe stations, respectively. Similar to the MK and SR tests, the Sen trend
test shows an increasing trend in Bossaso and Garowe stations, while a significant trend
was not detected in Qardho station in the precipitation time series.

Table 9. Precipitation time series trend analysis results.

SR MK Sen Thiel-Sen Pettitt’s Test
. Trend Test
Station Method 7z P Trend? ﬁ;rerate o)f Changepoint
SR (+/-) crease (Year)
Per Year (mm)
Bossaso 343 3.12 Yes (+) 3.67 2000
Qardho 1.84 1.62 No () 0.86 1998
Garowe 3.42 2.86 Yes (+) 541 1997

5. Discussion

The droughts and trend analysis not only linked to each other for better understanding
the climate change variability, but they could also give insights in conducting appropriate
strategies for water resources management. Owing to the temporal and spatial precipitation
distribution in the region, drought has resulted in significant social and economic conse-
quences. Drought assessment and hydro-meteorological time series data trend analysis
are of importance in African countries such as Somalia to investigate the climate change
impacts. Relying on the brief literature review conducted in this study, drought patterns
and its distribution have not been examined in Somalia. To this end, conducting the
drought assessment analysis is quite important to better understand the historical drought
to construct mitigation strategies for drought-related impacts in the region. Furthermore,
together with conducting trend analysis of temperature and precipitation time series, in
order to obtain conclusive results in terms of meteorological drought, several indices must
be incorporated in the study to achieve reliable results. Therefore, this study applied six
drought indices of normal-SPI, log-SPI, gamma-SPI, DPI, PNI, and DI for drought analysis
in Somalia.

The drought intensities for three studied stations are summarized in Table 10. The
extreme, severe, and moderate drought intensities are indicated for the normal-SPI, the
log-SPI, the gamma-SPI, the DPI, and the PNI methods. The DI approach cannot detect
moderate drought intensities because it only reveals extreme and severe droughts. The year
2011 was an extreme drought year for Bossaso station. In the years 1988 and 1989, severe
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drought occurred for Bossaso station according to the normal-SPI and DPI methodologies.
The moderate drought years for Bossaso station were 1981, 1986, 1987, 2002, and 2009.
According to these results, the normal-SPI tends to make under-predictions by one step
regarding the severity of the drought. As for the years of extreme drought, the DPI, PNI, log-
SPI, and gamma-SPI methods predict 2011 and 2008 as extreme drought years for Qardho
station. Using the same methods, Qardho station had severe droughts in the years 2015 and
2000. In Garowe station, all methods indicate that 2011 and 2012 were extreme drought
years, 2015 and 2016 were severe drought years, and 1986, 1987, 1995, 1996, and 2001 were
moderate drought years (Table 10).

Table 10. Summary of drought analysis results for three stations.

Method Drought Intensity Bossaso Qardho Garowe
Extreme 2011 2011 2011
2008 2012
Severe 1988 2015 2015
1889 2000 2016
Normal-SPI
Moderate 1981 1988 1986
1986 1987 1987
1987 1995
2002 1996
2009 2001
Extreme 2011 2011 2011
2008 2012
Severe 1988 2015 2015
Log-SPI, 1889 2000 2016
Gamma-SPI Moderate 2009 1988 1986
1986 1987 1987
1987 1995
1981 1996
2002 2001
Extreme 2011 2011 2011
2008 2012
Severe 1988 2015 2015
1889 2000 2016
PNI
Moderate 2009 1988 1986
1986 1987 1987
1987 1995
1981 1996
2002 2001
Extreme 1988 2011 2011
2011 2008 2012
Severe 1889 2015 1996
2009 2000 2001
1988 2015
DPI 2016
Moderate 1981 1980 1982
1986 1981 1986
1987 1987 1987
2002 2002 1995
2014 1996
2001
Extreme and Severe 2011 2011 2011
DI 1988 2008 2012
1889 2015 2015

2000 2016
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In order to show the similarities between different drought indices, the correlation
coefficient (CC) statistical criterion, defined by Equation (23), is used in this study.

Y. (D; —Dy) (Dyr — Dyy)
VX(Dr — D1)*(Dy; — D)

where D; and Dy are first and second drought indices whose correlation is investigated, and
DI and DIj; are the mean of D and Dy, respectively. The CC values between all studied
drought indices are shown Table 11. It is seen that all SPI-based drought indices are closely
related to each other, having CC close to unity. The PNI and DPI are less correlated to each
other. Different results of several drought indices can be attributed to their mathematical
computational approaches. For the calculation of the normal-SPI, the normal probability
distribution is calculated, while in the log-SPI, the logarithmic modification of the data is
used. As the most popular drought index, the gamma-SPI fits the precipitation data into
the gamma probability density function which makes it as an advanced version of the
normal-SPI and the log-SPI indices. The DPI and DI have simple calculation procedures
where the mean value of discrepancy is calculated in the DPI while the distribution of
precipitation data is separated into equal deciles in DI.

CC=

(23)

Table 11. The correlation coefficient (CC) between different drought indices.

Normal-SPI Log-SPI  Gamma-SPI PNI DPI

Bossaso

Normal-SPI 1

Log-SPI 0.995 1

Gamma-SPI 0.996 0.997 1

PNI 0.885 0.891 0.885 1

DPI 0.868 0.888 0.869 0.872 1
Qardho

Normal-SPI 1

Log-SPI 0.994 1

Gamma-SPI 0.995 0.998 1

PNI 0.750 0.750 0.749 1

DPI 0.880 0.881 0.881 0.542 1
Garowe

Normal-SPI 1

Log-SPI 0.988 1

Gamma-SPI 0.994 0.995 1

PNI 0.859 0.841 0.842 1

DPI 0.596 0.627 0.626 0.433 1

Table 12 presents the dry spell periods that can provide a clearer picture of the drought
characteristics in each site. As seen, PNI, SPI, and DPI methods captured the same dry spell
periods for the three stations. DPI method, as opposed to the other methods, also captured
the dry spell in 1980-1981 at Quardho Station. The dry spell periods are not satisfactorily
predicted by the DI method. These results indicate that first the DPI and then the SPI and
the PNI methods can be suggested for the study area. As also seen in Table 12, Bassaso and
Qardho stations have experienced the same and fewer dry periods, as opposed to Garowe
Station, which has experienced more periods.

The drought indices outcomes in contrast to the precipitation quantities are evaluated
in Figure 14 for Bossaso, Qardho, and Garowe stations, separately. This gives insights
for better understanding the drought indices performance in terms of real precipitation
time series. It is seen in Figure 14, for all stations, that the SPI-based drought indices are
more sensitive for real precipitation quantities where higher fluctuations can be seen in
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comparison to the PNI and DPI drought indices. For example, in the years 1987-1988, 2004,
2009, 2011, 2016, and 2017 at Bossaso station; the years 1988, 1995, 2000, 2008-2009, 2011,
and 2017 for Qardho station; and the years 2000-2001, 2011-2012, and 2018-2019, significant
negative and positive peak values can be seen in Figure 14. It has to be emphasized that
although the drought indices quantities are different for each index, their trends for showing
the drought circumstance are quite similar. Comparison of six drought indices for three
stations in Figure 14 gives a more understandable picture for drought condition of Puntland
region of Somalia. An extreme drought has been seen in 2011 for all stations, while starting
from 2016-2017, a wet condition can be found for all three stations. It can be noticed from
Figure 14 that for the last years, drought condition becomes wet for Bossaso and Qardho
stations, which have a positive trend, while in the case of Garowe, the drought condition
is more significant where it shows a negative trend at year 2020 in comparison to the
year 2019.

Table 12. Dry spell periods.

Method Bossaso Qardho Garowe
Period

1986-1987
1995-1996
2011-2012
2015-2016

1986-1987
1995-1996
2011-2012
2015-2016

1986-1987
1995-1996
2011-2012
2015-2016

1986-1987
1980-1981 1995-1996
1987-1988 2011-2012
2015-2016

2011-2012
2015-2016

Normal-SPI 1986-1989 1987-1988

Log-SPI, Gamma-SPI 1986-1989 1987-1988

PNI 1986-1989 1987-1988

DPI 1986-1989

DI 1988-1989

Results obtained in this study are supported by the findings of Musei et al. [28] who
reported extreme droughts in 2011 in Somalia by applying the Standardized Precipitation
Evapotranspiration Index (SPEI). Uhe et al. [29] studied drought conditions in Kenya,
located at the south-west of Somalia, utilizing precipitation data through two global climate
models. They reported severe drought in Kenya for the year 2016. Similar to the results
obtained by Uhe et al. [29], Garowe station, which is the nearest one to Kenya, shows
similar results where severe drought occurred in 2016.

Drought in northern Somalia is mainly caused by climate variability [12]. A lack of or
insufficient precipitation is the primary cause of drought in northern Somalia. Human activ-
ities also have a considerable impact on the management of the water cycle. Deforestation,
overgrazing, and over-cultivation harm the water cycle. Moreover, agriculture minimizes
evaporation, stores water, attracts rainfall, and supplies significant atmospheric moisture
through transpiration; tree and vegetation cover are vital for the water cycle. In this view,
deforestation causes decreasing vegetation cover, and removing trees increases evaporation,
diminishing the soil’s ability to hold water, making it more vulnerable to desertification.
The capacity of soil to hold water is located most of the time in Somalia’s northern areas.
In various geographical regions around the research area, small lakes, rivers, and streams
are the principal sources of downstream surface water. These surface water flows dry
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off downstream during scorching seasons or due to certain human activities, resulting
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Figure 14. Comparison of drought indices to precipitation quantities for three stations.

The temperature time series trend analysis results show that temperature changes
from 1980 to 2020 reflect overall warming in the region. The annual average temperatures
in Bossaso, Qardho, and Garowe stations increased. While all stations have significant
positive trends in minimum temperatures, the magnitudes of the increasing trend for the
stations Qardho, Bossaso, and Garowe are found to be 0.2 °C, 0.3 °C, and 0.4 °C per decade,
respectively. The Sen trend test revealed that the low temperatures (maximum, minimum,
and average) increased more than the medium and high temperatures. The abrupt change
in annual temperatures (maximum, minimum, and average) is detected for all stations in
2000, indicating that the region experienced a significant shift in trend direction in that year.
The trend analysis of precipitation data time series shows that Bossaso and Garowe stations
have significant positive trends, while the Qardho station has no trend. The most significant
positive trend was detected in Garowe station with a magnitude value of 5.41 mm per
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year, while precipitation in the station of Bossaso increased by 3.67 mm per year, according
to Thiel-Sen results. In 1998, for the Qardho station, and in 1997, for the Garowe station,
abrupt changes in annual precipitation were detected.

Limitations of this study can be linked to the employment of a small number of
stations in the analysis. Considering more stations in the studied area may have provided
more conclusive results. However, due to the civil war of more than three decades in
Somalia and the non-institutionalized governance, finding reliable data is a quite a difficult
task. There are not many stations, most of which are not even operational. Only from
these three stations reliable data have been obtained. Considering a larger number of
stations by incorporating stations in neighboring countries such as Ethiopia and Kenya
may have enhanced the contribution of the study. On the other hand, investigation of
climate change and climate variability as the large-scale oscillations phenomenon can be
considered in future studies. In addition, drought frequency analysis and examination of
different probability distributions can be recommended as future research directions.

6. Conclusions

This study investigated the performances of six different drought index methods
for assessing drought in Puntland region of Somalia from 1980 to 2020 using historical
precipitation data collected from three stations. Furthermore, the trend analysis of tempera-
ture and precipitation time series are conducted by applying five different trend analysis
approaches. The following are the conclusions reached:

(1) A severe drought hit the entire East African region between July 2011 and mid-2012,
described as the worst in the last 60 years. It had caused widespread devastation
by triggering a catastrophic food crisis in Somalia, Djibouti, Ethiopia, and Kenya,
threatening the livelihoods of 9.5 million people in those countries.

(2) Somalia has gone through extended droughts over the previous 40 years, exacerbating
the humanitarian situation.

(3) Several severe droughts have occurred in recent years, including 1964, 1969, 1974,
1987, 1988, 2000, 2001, 2004, 2008, 2011, 2016, and 2017.

(4) Severe drought is likely in Garowe, Bossaso, and Qardho stations when precipitation
is less than 162 mm/year, 25 mm/year, and 220 mm/year, respectively.

(5) For the drought analysis within the Puntland regions, drought indices produced
nearly the same results.

(6) The log-SPI and gamma-SPI produce similar results having CC values close to unity by
predicting more severe drought conditions, whereas the normal-SPI gives more wet
cases and fewer drought cases for all stations.

(7)  Normal-SPI, gamma-SPI, and PNI indicate less and moderate drought conditions,
whereas log-SPI, DPI, and DI accurately captured the historical extreme and severe
drought periods; thus, these methods are recommended for the use as drought assess-
ment tools in this region.

(8) Not only are the PNI and DPI less correlated to each other, but their CC with the
SPI-based drought indices are also not as high as the SPI-based indices.

(9) Drought monitoring and early warning are critical instruments for managing crop
losses, preventing famines, and lowering the danger of famine. In Somalia, there is
currently no national drought monitor in place. Therefore, determining the most ap-
propriate meteorological drought index would help authorities to develop a drought
monitoring system for states and the entire country. This technique can give decision-
makers in the region a clear picture of the drought risk and allow them to take
preventative steps. It is suggested that more research must be done to assess and
evaluate meteorological drought indices across the country.

(10) Temperature and precipitation data trend analysis shows positive trends in precipi-
tation and temperature. Although all the stations are experiencing slight increases in
precipitation and temperature, they differ in trend direction changes (slope and jumps).
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(11) The annual average temperatures in Qardho, Bossaso, and Garowe are found to
increase by 0.2 °C, 0.3 °C, and 0.4 °C per decade.

(12) The abrupt changes in annual temperatures (maximum, minimum, and average) are
detected for all stations in 2000, indicating that the region experienced a significant
shift in trend direction in that year.

(13) The precipitation time series has a positive trend detected in Bossaso and Garowe
stations (at the rate of 3.67 mm per year in Bossaso and 5.41 mm per year in Garowe),
while no trend is detected in Qardho station.

Future research may consider supplementing the existing precipitation data with a
satellite-based rainfall product to improve the accuracy of drought analysis. Developed by
the Climate Hazards Group at the University of California, Santa Barbara, application of
CHIRPS and CHIRTS-Monthly is recommended as a future research direction.
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