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20 Abstract East African region is susceptible to drought due to high variation in monthly 21

precipitation. Studying drought at regional scale is vital since droughts are considered a ‘creeping
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" disaster by nature with devasting and extended impact often requiring long periods to reverse the

recorded damages. This study assessed drought exceedance and return years over East Africa from
1920 to 2016 using Climate Research Unit (CRU) precipitation data records. Meteorological 25
drought, where precipitation is the central quantity of interest, was adopted in the work.
Standardize Precipitation Index (SPI) was used to study long term meteorological droughts and
also to assess drought magnitude, frequency, exceedance probability and return years using Joint
Probability Density Function (JPDF). Also, Mann-Kendall trend analysis was applied to
precipitation and SPI to investigate the trend changes. Results showed that years with high drought
magnitude ranged from 1920-22, 1926-29, 1942-46 and 1947-51 with values corresponding to 2.2,
31 3.2, 3.4 and 2.6, respectively while years with low drought magnitude ranged from 1930-31,
198832 89 and 2001-02 with values as 0.2, 0.12 and 0.15, respectively. The longest droughts
occurred

from 1926-29, 1937-41, 1942-46, 1947-51, 1952-56, and 1958-61 with values in years as 3, 4, 4,
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4, 4, and 3 years, respectively, while the shortest droughts occurred in time period of 1 year and
ranged from 1930-31, 1964-65, 1979-80, 1981-82, 1983-84, 1988-89, 1991-92, 1993-94, 1996-97
and 2001-02. Also, it was demonstrated that probability of drought occurrence is high when
severity is low and such droughts occur at short time intervals and not all severest drought took 38
longer periods. The SPI trends indicate high positive (negative) pixels above (below) the zero39
trend mark, indicating that drought prevails in both low and high elevation areas up to 2000 m.
There was no direct link between ENSO and drought but arguably the association of drought in
most El Nifio and La Nifia years suggests that the impact of ENSO cannot be ruled out since peak

ENSO events occur during October to March periods which coincides with the short (SON) and
43 long (MAM) rainy seasons of East Africa. The study is particularly relevant in being able
to depict

44 continuous and synoptic drought condition all over East Africa, providing vital information to 45

farmers and policy makers, using very cost-effective method.
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Keywords Meteorological Drought, Joint Probability Density Function (JPDF), SPI, ENSO,

Drought Risk Mapping.

Introduction

Several studies indicate that droughts are among the most destructive natural disasters,
negatively

impacting livelihoods including crops and livestock, as well as other natural resources such as

water, ecology, and biodiversity 2016 (Haroon et al., ; Lei et al., 2016;
Schubert et al., 2016;

Igbawua et al., 2018; Yao et al., 2018;Liu et al., 2020). The American
Meteorological Society
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(1997) categorizes droughts into meteorological, agricultural and hydrological mainly on the
basis

of duration, impact and recovery rate. According to Ghulam et al. (2007) and Haroon et al.
(2016),

meteorological drought refers to a sustained period of three months or more during which
monthly

precipitation remains well below the long-term average. Agricultural drought occurs when there
is an imbalance between water availability and demand in a farmland ecosystem, where water

demand by plants is more as compared to supply. Hydrological droughts occur when
deficiencies

in surface and subsurface water supplies become evident in terms of reduced stream flow and

reduction in ground water. For the purpose of this study however, the assumption is that
“drought

occurs when precipitation deficit exceeds some critical level beyond which the prevailing
adaptive

mechanisms fail to cope”, as defined by Tarhule and Woo (1997). The occurrence of drought
has

been recorded across all continents and under all climatic regions with low and high mean
precipitation (Um et al., 2017) with varying degree, intensity, impact and duration.

In recent decades, the occurrence and incidence of drought has been aggravated with the
increase in global climate change (IPCC, 2014). For Africa, O'Connor (1995) reported that
remotely sensed data analysis from National Aeronautics and Space Administration (NASA)
reveal that about 900,000 km? of previous savanna grassland in the African region had been
severely degraded between the early 1960s and 1986 due to persistent occurrences of drought,

while Bates et al., (2008) estimated that one-third of African population live in drought-prone



72

73

74

75

76

77

78

79

80

83

84

85

87

88

90

91

areas. Yang & Huntingford (2018) revealed historical precipitation estimated by Climate
Hazards

Group InfraRed Precipitation with Station data (CHIRPS) (Funk et al., 2015) shows that during
August, September and October (ASO) of 2016, most of East Africa (particularly Somalia,

Ethiopia and Kenya) had a reduction of 40% or more in precipitation compared to a baseline
ASO

period 1981-2015. Several studies confirm that the East African region ranks among the most
vulnerable drought-prone regions of the world with a high potential for increased risk of drought
related water and food shortages as recorded in as recent as year 2016/2017 (Love, 2009; Masih
etal., 2014; Funk et al., 2014, 2015; Yang and Huntingford, 2018). The threat of drought is
expected to further aggravate the existing widespread poverty and food insecurity (Funk et al.,
8112008,12013, 2015; von Grebmer et al., 2016). The situation is similar within other regions of
subs2 saharan Africa. In West Africa, Dai et al. (2004) reported that there is about 40% decline
in annual

precipitation total from the year 1968-1990 as compared with the 30 years between 1931 and

1960. Thus, frequent drought occurrences within the West African region have caused famine and

are threatening the human existence in African savanna regions and consequently making the 86

households highly vulnerable to drought (Eze, 2018).

Droughts are considered a ‘creeping’ disaster by nature with devasting and extended impact

often requiring long periods to reverse the recorded damages. It is therefore crucial that
consistent 89 drought monitoring is carried out to provide decisive policy support for
long- and medium-term

planning of mitigative measures. Typically, at the turn of the 20™ century, scientific studies had

adopted climatic (temperature and precipitation) and hydrological (soil moisture and stream flow)
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indicators as main input towards the generation of indices for quantitative modelling of drought
severity (Kincer, 1919; Munger, 1916; McQuigg, 1954; Waggoner and O’Connell, 1956).
However, further advances in the study of drought (beginning from the latter part of the 20™
century into the 21% century) led to the identification of over 150 indices used for drought studies

(Niemeyer, 2008) across various regions with different climatic conditions. The most
prominently

adopted contemporary indices for drought research include, but not limited to: decile index (DI)

by Gibbs and Maher (1967); Palmer drought severity index (PDSI) by Palmer (1968),
standardized

precipitation index (SPI) applied by McKee et al. (1993); reclamation drought index (RDI) by

Weghorst (1996); US Drought Monitor (USDM) applied by Svoboda et al. (2002); optimized

Recent drought studies have relied on the availability of data from different remote sensing 105

platforms due largely to the synoptic coverage it provides for analysis over a wide region.
Numerous methods have been developed for the application of remotely sensed data in drought
studies. These include normalized difference vegetation index (NDVI) based conceptualization
such as vegetation condition index (VCI) (Kogan 1995), enhanced vegetation index (EVI) (Liu
and Huete 1995), soil adjusted vegetation index (SAVI) (Huete 1988), temperature vegetation
index (TVX) (Lambin and Ehrlich, 1995), Deviations from NDVI (Anyamba et al., 2001),

vegetation health index (VHI) (Kogan, 2001), temperature condition index (TCI) (Kogan, 1995;
112 Kogan et al., 2003), and temperature vegetation dryness index (TVDI) (Sandholt et al.,
2002).
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More advanced methods now include satellite derived indices such as perpendicular drought index
(PDI) (Ghulam et al., 2007a); modified perpendicular drought index (MPDI) (Ghulam et al.,
2007b); effective drought index (EDI) (Yao et al., 2010); and Drought severity index (DSI) 116

proposed by Mu et al. (2013) and applied by Haroon et al. (2016).

For the purpose of this study, the SPI proposed by McKee et al. (1993), and applied in Indonesia

by Pramudya and Onishi (2018) will be adopted for the analysis of drought across the East
African

region. The SPI is considered most applicable for this study because it provides for drought
analysis in multi-temporal levels such as monthly, single seasonal, multi-seasonal, and annual
basis. This level of spatio-temporal scale analysis allows for the SPI to provide accurate 122

meteorological and agricultural drought analysis.

2.0 Methodology

2.1 Study Area

The study area covers eight countries consisting of Ethiopia, Kenya, Rwanda, Uganda,
Tanzania,

Burundi, Somalia and South-Sudan (Fig. 1). The climate of the region is influenced by a number
of factors ranging from combination of the high altitude and the westerly monsoon winds that
originate from the Ethiopian Highlands and Rwenzori Mountains. Generally, majority of the

region’s countries experience two distinct precipitation regimes: “long rains” which extend
during

March—-May (MAM), and a season with “short rains”, which lasts from October to December

(OND). Figure 1 shows that much of Uganda and Somalia are humid and arid, respectively
while



132 much of Ethiopia is semi-arid and arid. South-Sudan and Tanzania are largely sub-humid, with

133 Kenya containing a vast area of aridity. Rwanda and Burundi are largely tropical highlands.
134 The major livelihood sources include pastoralism and agro-pastoralism, rangeland cultivation,
135 small-holder agriculture, milk production and dairy products processing (Morton and Kerven,

136 2013; Abbink et al., 2014).
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138 Fig. 1 Study area (Harvest Choice, 2015)
139 2.2 Data sets and methods
140 The precipitation data set used in this work is the Climate Research
Unit (CRU) data developed
141 by University  of East Anglia. The data
was retrieved from
142 http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru ts 4.00/data/ at a

spatial resolution of 0.5 x 0.5
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degrees covering a temporal range of 1920 to 2015. The Standardized
Precipitation Index (SPI)

developed by McKee et al. (1993) is a popular index that is used to
characterize drought at different

time scales. SPI is computed by fitting a gamma distribution function
to precipitation data of given

frequency distribution over an area, and subsequently transforming
the gamma distribution to a 147 normal distribution with a mean and
variance of zero (0) and one (1) respectively (Suryabhagavan,

2016). The aim of doing this is to minimize skewness in the data to zero. The Gamma distribution
is widely used to represent precipitation time series (Guttman, 1999). The drought magnitude was
obtained as the cumulative SPI over the drought months taken as a positive value. The intensity
(drought severity) was computed as the magnitude divided by drought duration. The general
technique for detecting changes in precipitation and drought is trend analysis. In this work, Trend
analysis of precipitation and SPI will reveal will reveal the trends in drought over East Africa.
Since, the input parameter for SP1 computation is precipitation, trend analysis of precipitation will
be done in order to study the local changes in climate. The Mann-Kendall non-parametric test was
adopted in this work to assess the trends in precipitation and SPI and, also test the statistical
distribution of the data records. Mann-Kendall was most preferred because it works well to avoid
the problem caused by skewness of which precipitation is a kind of data that may be either
negatively or positively skewed due to the existence of extreme values (Mahajan & Dodamani,

2015).

2.2.1 SPI

In calculating SPI, we adopt methods by Haroon, et al. (2016) and Guttman (1999), and fit a

—
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probability distribution to long-term monthly precipitation records. The mean (x), standard 165

deviation (s) and skew (sk) are determined as follows:

EX
mean (x) =n 1)
IS(X - x)?
N
standard deviation (s) = N S(X - X)? 2)
skewness (sk) =w-nw-2). n (3)

where, X is the precipitation time series and N is the length of data records. The precipitation
data are transformed by the log normal (In) and the mean of those values is computed. The

transformed values are further subjected to the constant U, which is used to compute the shape
and

Scale parameter as follows:

In (X)

Logmean = Xn= n 4)

—

In (X)
U=In(X) -

v (5)
Shape i[l +\/? B= (6

X
and, 5

Scale (a) = @)

Further, the log values are transformed by the gamma distribution, incorporating the shape and

178 scale values:

X

Cumulative Gamma function G(x) = aﬁll“ﬁfxo B -1eadx (8)
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T transform as =

Co+ Cit + C2t2

andthe SPI=-¢t T

/ 1181

,Where 0.5 < X;<1.01

In (XgZ) , where 0 < X4 <0.5(9)

1+dt+dtz+a3s Where 0 < Xy<0.5

1 2

Co+ Cit + C2t2

or SPI= t~

1 2

1+dt+dtz+a3s Where 0.5 < Xg<1.0

The constants Expressed in equations (10) and (11) are given as follows

C0=2.515517,

€1=0.802853,

C2=0.010328,

di= 1.432788

d2= 0.189269

d3=0.001308

2.2.2 Drought Magnitude, Duration and Intensity

The drought magnitude (Dn) was obtained as follows

Dm =-

where Dy is the drought magnitude, n is the number of months with drought event at j timescale.

Yni=1SPlij  (12)

Dm

10

(11)

(10)
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2.2.3 Mann-Kendall Trend Test

The Mann-Kendall trend test is given as

n-1
=22 " S
199 “j-1+1sgn(xj— xi) (14)
where x; is the time series ranked fromi=1, 2,......... n-1 and x; from
J=i+1,2,. n. All the data

values are taken as reference point to which comparison is done with the
rest of the data values x;

such;

+1,> (xj—-xi)

203 sgn(xj—xi) =0, = (xj- xi) (15)
-1, < (x5-x0)

The statistics of variance is given as

An-1D2n+5) - L i) (i - 1)(2i + 5)
Var(S) = 18 (16)

where t; is the number of ties up to sample value i. Z. is the test statistics
and is calculated as Z. =

S-1
T‘#&mﬁ),5>0

«S=0 (17)

Var(s),S <0

Z. describes a Standard Normal Distribution (SND) and positive and negative values of Z. shows

11
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an upward and downward trend respectively. According to Mondal et al. (2012), a significance

level is also used in testing either an upward or downward monotone trend, ify  Zc is greater

than 212 Zy then the trend is considered significant and vice versa. 2

2.2.4 Sen’s Trend Estimator

The Sen’s trend estimator test was described by Sen (1968) and the magnitude of the trend is given

by
Xxj— xk

-k (18)

T:=
where x; and xx are considered as data points j and k (j>k) compatibly. The median of these N

values of T is represented as Sen’s estimator of slope which is given as

Tn+1 Nis
| odd >
o
|
o () @9
2 Tnz+ Th+z22 N is even

Positive and negative values of Q: represent upward (increasing) and downward (decreasing)

trends, respectively.
In order to assess the spatio-temporal occurrence of drought over East Africa, the 3-month, 6225

month and 12-month SPI was used to study drought in the long term. This period is enough for

226 drought frequency and intensity assessment. The SPI was computed on monthly scale so that the 227

consistency of drought duration and intensity can be determined according to Table 1.

228

Table 1 Standard SPI table (McKee et al., 1993)

12



SPI value Description

2> Extremely wet
15-199 Very wet
1.0-149 Moderately wet
0-1.0 Mildly wet
-1.0-0 Mildly drought
-1.5--1.0 Moderately drought
-20--15 Severe drought
-2< Extreme drought
229
230 From a statistical point of view, droughts are considered as multivariate events whose dimension
231 and treatment depends on their characteristics such as the duration, severity and frequency
232 (Gonzalez et al., 2004). Most studies have proposed the Joint Probability Distribution Function
233 (JPDF) for determining probabilistic characteristic because drought severity and duration are

often 234 difficult to treat separately.

235 Given a set of observations yi........ys, @ mathematical expression of bivariate Kernel probability 236

density estimator fsp is given as (kim et al;"2003):

d)] 1

n S-S, d-d;
_ hdzi: 1[K(T)K( hy
237 fsp(sd) T n hs (20)

238  The joint return period of drought (T'sq) is given as (Kimetal., 2003):

N
239 Tsd=n[1l______ - fsp(sd)] (21)

240  where N is the numbers of years.
241

242 3. Results

243 3.1. Seasonal Characteristics of Precipitation and Precipitation Anomaly over East Africa

244 from 1920 to 2015

13
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The seasonal characterization of precipitation over the East African region (Fig. 2) reveals that

long precipitations occur during the period of March to May (MAM) while short precipitations

occur from the period of October to December (OND). The study analysis revealed that peak

annual precipitation from 1920 to 2015 is recorded as 120 mm/yr while average seasonal

cumulative precipitation from 1920 to 2015 is about 920 mm/yr. Crop production over East Africa

is highly dependent on the long rainy season, which accounts for more than 70% of total annual

precipitation. It is therefore, understandably that fluctuations in precipitation within this period is

252 capable of altering and impacting food production across the region.

mm/yr
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100 -

60 -

Cumulative seasonal precipitation
F-f Seasonal precipitation\ ]

1000
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/yr
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200
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Fig. 2 Characteristics of precipitation over East Africa

Figure 3 shows precipitation anomalies from 1920 to 2015. Positive and

negative anomalies

represent wet and dry-conditions, respectively, over East Africa. Based on

the data used from 96

years (from 1920 to 2015) there are a total of 41 wet years and 46 drought

years. The anomaly of 258
when precipitation was above and below normal

the wet years and dry years were obtained

conditionsi respectively, as seen in Fig. 3. The years 1961, 1967, 1997, 2007 and 2015 are the

14



260  wettest while 1943, 1983, 1993, 1997 and 2003 are the driest. The annual precipitation, anomalies
261  and the corresponding SPI’s for wet and dry years are presented in Table 2. Results show that
262  both wet and drought spells coincide with positive and negative anomalies over East Africa,

263  respectively. This shows that the reason for the drought periods was as a result of unavailability of
264  water in the soil. The magnitude of anomaly of the wet years was higher than that'of the dry years
265 and both wet and dry years were obtained when precipitation was above and below normal

266  conditions; respectively. A detailed inspection of dry- and wet-year results also revealed that the
267  chances of occurrence of wet years are greater in comparison to dry years. This information is
268  important for the future planning and management of agricultural practices. This work has allowed
269 us to identify years within the region that are prone to dry/wet conditions using available 270

precipitation data records from 1920 to 2015.

271

200 +

100

mm/yr

-100 |

1924 4
19294
1934 4
19394
1944 4
1949 4
1954 4
1959 4
1964 4
1969 4
1974
19794
1984 4
1989 4
1994 4
1999 4
2004
2009
2014

272

273 Fig. 3 Precipitation anomaly over East Africa

274

275

276 Table 2 Annual precipitation, anomaly and SPI-12

15



Condition Yr
Annual precipitation SPI
(mmlyr) Anomaly (mm/yr)
1920-21 817.7 -102.8 -1.2
1921-22 823.5 -96.9 -1.1
1924-25 810.4 -110.0 -1.2
1927-28 803.3 -117.2 -1.3
1928-29 828.7 -91.7 -1.0
1933-34 820.1 -100.3 -1.1
1942-43 775.0 -145.4 -1.7*
Dry Spells  1943-44 826.4 -94.1 -1.0
1947-48 811.3 -109.1 -1.2
1948-49 823.7 -96.7 -1.1
1952-53 818.9 -101.5 -1.1
1964-65 820.4 -100.0 -1.1
1983-84 784.2 -136.2 -1.6*
1991-92 788.1 -132.3 -1.5*
1996-97 788.2 -132.2 -1.5*
1999-00 820.7 -99.7 -1.1
2003-04 815.8 -104.7 -1.2
Yr Annual precipitation Anomaly SPI
(mm/yr) (mm/yr)
1925-26 1064.5 144.1 1.6
1929-30 1071.0 150.6 1.6
1941-42 1054.0 133.6 14
1946-47 1056.9 136.5 15
1961-62 1185.0 264.5 2.7%*
1962-63 1069.6 149.2 1.6
1963-64 1043.2 122.8 1.3
1967-68 1110.8 190.4 2.0%*

16



Wet 1977-78 1042.9 122.4 1.3

Spells 1978-79 1021.9 101.5 1.1
1997-98 1180.0 259.6 2.7%*
2002-03 1006.7 86.3 1.0
2006-07 1118.2 197.8 2.1%*
2009-10 1036.0 115.6 1.3
2012-13 1036.8 116.4 1.3
2015-16 1196.4 275.9 2.8%*

277

278  3.2. Spatial and temporal representation of spatial SPI over East Africa

279 Figure 4 shows the spatial representation of SPI for different hydrological years from 1920 to 2015 over
280 mmm_Figs. 4a, d and k recorded the highest precipitation while Fig. 4b, e

281  and h recorded the least precipitation. It is critical to note that most of the regions that recorded
282 the highest precipitation in some years also recorded the least in other years, hence establishing
283  the fact that_ across most of the East African region is fluctuating and drought is not

284 peculiar to one region.

17
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286 Fig. 4 Spatial representation of SPI for different hydrological years over East Africa
287 From Fig. 5, calculated SPI at different time scales of 3, 6 and 12 months indicated that for
288 shorter time scales (i.e., 3 months, 6 months), there was a high temporal variability in dry

and wet

289 periods, whereas at longer time scales (12 months), frequency of dry and wet periods were
290 considerably decreased.
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293 The drought magnitude, drought duration, and corresponding drought intensity
were
294 calculated over the study area (Table 3). And also, Fig. 6 shows drought
magnitude over east
295 Africa. Years with high drought magnitude ranged from 1922-22, 1926-29,
1942-46 and 1947-51
296 with values corresponding to 2.2, 3.2, 3.4 and 2.6, respectively while years with

low drought
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297

298

299

301

302

303

305

306

magnitude ranged from 1930-31, 1988-89 and 2001-02 with values as 0.2, 0.12
and 0.15,

respectively. Figure 7 shows drought duration in years over East Africa with the
longest droughts

occurring from 1929-29, 1937-41, 1942-46, 1947-51, 1952-56, and 1958-61
with values in years 300 as 3, 4, 4, 4, 4, and 3 years, respectively, while the
shortest droughts occurred in time period of 1

year and ranged from 1930-31, 1964-65, 1979-80, 1981-82, 1983-84, 1988-89, 1991-92, 1993-94,
1996-97 and 2001-02 (Also see Table 3). A comparison between Fig. 6 (drought magnitude) and
Fig. 7 (drought duration) shows that not all the severest drought took longer and vice versa. Both

304 drought magnitude and duration showed a negative slope of -0.071 and -0.086, respectively.
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Fig. 6 Drought magnitude over East Africa
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/I Drought Duration

- -0.086

Drought duration (years)

307

308 Fig. 7 Drought duration over East Africa

309 The drought magnitude was obtained as the cumulative SPI over the
drought months taken as a

310 positive value. The intensity (drought severity) was computed as the
magnitude divided by drought 311 duration. Among the droughts
recorded, the drought of 1937-41, 1942-46, 1947-51, 1952-56 had

312 the longest duration. Specifically, the results indicated that on one hand the frequency of drought
313  events were high at shorter time scales but lasted for shorter durations at longer time intervals,

and 314 on the other hand droughts were less frequent but persisted for longer periods of time.

315 Table 3 Extraction of drought characteristics
Hydrological year Magnitude | Duration | Intensity

1920-22 2.2333 2.000 1.1167

1923-25 1.7703 2.000 0.8852

1926-29 3.2102 3.000 1.0701

1930-31 0.2493 1.000 0.2493

1932-34 1.9668 2.000 0.9834

1937-41 1.5215 4.000 0.3804

1942-46 3.3653 4.000 0.8413

1947-51 2.5589 4.000 0.6397
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1952-56 2.0666 4.000 0.5166
1958-61 1.5564 3.000 0.5188
1964-65 1.1191 1.000 1.1191
1970-72 0.9154 2.000 0.4577
1974-76 0.7563 2.000 0.3781
1979-80 0.8044 1.000 0.8044
1981-82 0.7803 1.000 0.7803
1983-84 1.5593 1.000 1.5593
1985-87 1.1279 2.000 0.5640
1988-89 0.1257 1.000 0.1257
1991-92 1.5109 1.000 1.5109
1993-94 0.8771 1.000 0.8771
1996-97 1.5102 1.000 1.5102
1998-00 1.1151 2.000 0.5576
2001-02 0.1588 1.000 0.1588

316

317 Figure 8 shows the spatial map of drought magnitude across the East African region for different
318 hydrological years.
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Fig. 8 Spatial drought magnitude over East Africa for different hydrological years

The results show that the drought magnitude is highest in 1920-21, 1950-51, 1970-71,
2000-01

and _al years. In ]—cal year, regions that recorded high

drought

W South Sudan, Uganda, Kenya, Rwanda, Burundi and Eastern Tanzania.
|

1Mc&l year, drought magnitude was highest over Ethiopia and South Sudan.
In

1970-71 hydrologically_itude was highest over South Sudan, Ethiopia
and

Somalia. In 2000-01 hydrological year, drought magnitude was highest in South Sudan,
Ethiopia,

Somalia and Kenya. In 2014-15 hydrological year, drought magnitude was highest in
Ethiopia and
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328

329

330

Tanzania. This indicated that besides seasonal variability of spatial drought magnitude,
there exist

331 3.3. Drought Risk Mapping and Joint Probability Distribution Function and Return years of

332 Drought over East Africa

333

334

335

336

337

338

The Spatial drought risk map was got from the spatial SPI map and represented in Fig. 9. It shows
the spatial drought levels over East Africa across different decades, and changes across the region’s
land mass suggested to be as a result of changes in climate and land cover. There is high variability
in drought across the decades over the region. These droughts could be categorized as ranging
from moderate to extreme, with different durations and magnitudes. Nevertheless, the total
duration, severity and magnitude of occurrence of the drought episodes varied from one location

339 to another across the decades.
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Fig. 9 The Spatial drought risk map across East Africa

From Fig. 9, it appears as if drought repeats itself in some selected locations
after a period of

time but all droughts experienced in all locations and at all recorded periods
appear to differ (see 344 Figs. 9a to 9k). Drought may have similar
magnitudes or duration but different levels of severity.

For example, the droughts with magnitude (duration in years) of 1.5(4), 3.4(4), 2.6(4) and 2.0(4)
lasted from 1937 to 1941, 1942 to 1946, 1947 to 1951 and 1952 to 1956, respectively (See Table!
8). Since both drought severity and durations have different distributions, the Joint Probability
Distribution Function (JPDF) given by equation (9) was used to obtain the probability Density

function and the Joint return years were obtained using equation (10). The JPDF analysis is a useful
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350

352

353

355

356

357

360
361

multivariate tool needed for water resources management. Based on the drought characteristics,
351 duration and magnitude using the 12-month SPI, the JPDF was estimated as shown in Figure
10.

From Fig.10, it shows that probability of drought occurrence is high when severity is low and such
droughts occur at short time intervals. Also, it takes so many years for a severe drought to repeat

354 itself at short time intervals.

©
S

Density function

Fig.10 The JPDF for drought duration and severity (magnitude)

Once the JPDF for the bivariate return periods of drought was calculated, the
drought severity358 duration frequency curve of East Africa was created (Fig.11).
Fig.11 is a bivariate analysis of 359 drought severity for East Africa region
showing return periods and different levels of severity.

Drought severity itself is a function of the different drivers of drought over particular area. Drought
severity characterizes drought magnitude of dry events. The JPDF drought-based curves were

362 developed for selected recurrence severity levels of 5, 10, 20, 30, 40 and 50 years are plotted in 363

Fig.11. It is observed that for any given duration, severe droughts have more return periods.
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Fig. 11 Joint return years for severity (magnitude) corresponding to duration

Table 4 shows the drought occurrence over East African countries. The result shows
that the

drought mechanism is complex and the drivers highly depend on the local
environmental

conditions prevailing in a particular country. All drought episodes are associated with
negative

precipitation anomalies, low precipitation values closely matching the SPI values. The
SPI values

depicting drought levels (shown in Table 1) are applied to reveal the varying levels of
drought

experienced over specific countries in East Africa over the study period.

Table 4 Annual precipitation anomalies for various countries in East Africa from 1920-
2015373 with SPI-12. The value in parpnfhpcic represents SPI

Burundi Rwanda Ethiopia Kenya Somalia Uganda Tanzania South Sudan

1920721 -145 (-1.0) -197 (-1.3) -188(-1.3)

1921/22  -383 (-3.0)

1923/24 -174(-1.2) -231(-1.5)

1924/25 -93 (-1.0)  -150(-1.2) -190 (- -165 (-1.3) -84 (-1.0)
1.4)

1926/27 -168 (- -106 (-1.3)
1.2)
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1927/28

1928/29

1932/33

1933/34

1938/39

1940/41

1942/43

1943/44

1945/46

1947/48

1948/49

1950/51

1952/53

1953/54

1954/55

1955/56

1958/59

1960/61

1964/65

1970/71

1971/72

1975/76

1979/80

1981/82

1982/83

1983/84

1985/86

1986/87

-259 (-1.9)

-216 (-1.6)

-285 (-2.1)

-203 (-1.5)

-199 (-1.4)

-193 (-1.4)

-211 (-1.5)

-225 (-1.5)

-158 (-1.0)

-291 (-2.0)

-237 (-1.6)
-158 (-1.0)

-165 (-1.1)

-148 (-0.9)

-157 (-1.0)

-96 (-1.1)

-95 (-1.0)

-102 (-1.1)

-146 (-1.7)

-89 (-1.0)

-170 (-2.0)

-100 (-1.1)

-130 (-1.5)

-121 (-1.4)

-113 (-1.3)

-151 (-1.7)
-114 (-1.3)

-105 (-1.2)

-125 (-1.0)
-128 (-1.0)

-163 (-1.4)

-129 (-1.0)

-128 (-1.0)

-140 (-1.2)

-183 (-1.6)

-149 (-1.2)

-248 (-2.2)

28

-155 (-
1.1)
-144 (-
1.0)
-163 (-
1.2)

72(-1.0)  -191 (-
1.4)
-215 (-
1.6)

-109 (-1.7)  -139 (-
1.0)

-104 (-1.6)

-122 (-2.0)

-88 (-1.3)
177 (-
1.3)

-72 (-1.0)

-106 (-1.6)

-117 (-1.8)

-68 (-1.0)

80 (-1.2)  -213 (-
1.6)
-86 (-1.3)

77(-11)  -189 (-
1.4)

-83(-12) -177 (-
1.3)

-191 (-1.5)

-128 (-1.0)

-193 (-1.5)

-241 (-2.0)

-222 (-1.8)

-162 (-1.3)
-164 (-1.3)

-148 (-1.1)

-123 (-1.5)

-124 (-1.5)

-99 (-1.2)

-132 (-1.6)

-110 (-1.3)
-121 (-1.5)
-125 (-1.5)

-228 (-2.9)

-218 (-2.8)



1989/90 -124 (-1.5)
1991/92 -144 (-1.0) -151(-1.0) -155(-1.8) -147(-1.2) -156(-2.7) -154(- -97 (-1.2)
1.1)
1993/94 -161 (-1.1) -84 (-1.2) -137 (-1.0)
1996/97 -152 (-1.1) -138 (-1.6) -136 (-1.1) -90(-1.3)  -160 (- -169 (-1.3) -86 (-1.0)
1.2)
1998/99 -166 (-1.1) -104 (-1.2) -171(-1.4) -87 (-1.3)
1999/00 -158 (-1.1) -209 (-1.4) -161 (-1.3) -254 (-2.1)
2003/04 -250 (-1.7) -141(-1.6) -161(-1.3) 177 (-
1.3)
2004/05 -160 (-1.3) -178 (-
1.3)
2005/06 -175 (-1.1) -139 (-1.1)
2007/08 -142 (-
1.0)
2008/09 -150 (-1.9)
2010/11 -119 (-1.0) -150 (-1.2)
2011/12 -204 (-1.5)

374 Note: 1920/21 represents a hydrological year starting in 1920 and ending in 1921.

375

376 The spatial and temporal variability in drought trends is observed in the study area and shown

377 in Table 5 as the Negative and Positive SPI trends at multiple time scales across the East
African 378 countries. Of all the SPI models tested, only SPI-12 indicated significant trend
values in Burundi,

379 Rwanda and Uganda with Sen’s slope (Kendal tau) values of 0.008 (0.143), 0.007 (0.144) and

380 0.008 (0.149) respectively. Basically, the SPI-12 shows the status of year-round water shortage

381  caused by drought while SPI1-6 and SPI-3 are appropriate indicators of the status of seasonal water

382 shortage caused by drought (Tan et al., 2015).

383  Table 5 Mann-Kendall Trend and significance level of SPI-3, SPI-6 and SPI-12 over East African countries

Durati Parameter Burundi  Ethiopia Kenya Rwanda  South Somalia  Tanzania Uganda Regional

on Sudan

29



Kendal 0.060 0.017  -0.004 0.089 -0.058 0.026 -0.028 0.062 0.036
SPI-3 (Sign) (0.086) (0.635) (0.914)  (0.011)  (0.097)  (0.450)  (0.419)  (0.074) (0.307)
Sen’s slope  0.002 0.004  -0.0001  0.003 -0.005 0.002 -0.003 0.0002 -0.0001
Trend No No No No No No No No No
Kendal 0.073 0.008 0.006 0.087 -0.051 0.040 -0.057 0.087 0.037
SPI-6 (Sign) (0.140)  (0.879)  (0.908)  (0.079)  (0.305)  (0.421)  (0.247)  (0.079) (0.457)
Sen’sslope ~ 0.004  0.0001 -0.0003  0.004 -0.003 0.002 -0.003 0.005 0.002
Trend No No No No No No No No No
Kendal 0.143  -0.009  0.031 0.144 -0.071 0.072 -0.016 0.149 0.103
SPI-12 (Sign) (0.040) (0.903) (0.662)  (0.039)  (0.301)  (0.301)  (0.817)  (0.033) (0.141)
Sen’sslope  0.008  -0.001  0.001 0.007 -0.004 0.004 -0.001 0.007 0.006
Trend Yes No No Yes No No No Yes No
384
385 Table 6 shows negativeand positive precipitation trends at multiple time scales over East
386 African countries. Out of eight countries, precipitation shows significant positive (insignificant
387 positive) trends over 1(4) countries and significant (insignificant) negative trends over 1(2) 388
countries from 1920 to 2015.
389 Table 6 Mann-Kendall Trend and significance level of precipitation over East African countries
Country Kendal t (sign) Sen’s slope Trend
Burundi 0.023 (0.248) 0.021 No
Ethiopia -0.001 (0.980) -0.034 No
Kenya 0.005 (0.799) 0.006 No
Rwanda 0.034 (0.088) 0.092 No
South-Sudan -0.044 (0.028) -0.042 Yes
Somalia 0.048 (0.05) 0.007 Yes
Tanzania -0.010 (0.603) -0.010 No
Uganda 0.033 (0.101) 0.022 No
Regional 0.025 (0.216) -0.005 No
390
391
392 3.4 Spatial trends in drought across East Africa
393 Figure 12 shows the spatial trend of SPI over East Africa. The approach involves running an
394 Ordinary Linear Regression model to the SP1 maps generated. Results show that about 28, 22
395 and 50 % of the SPI indicated spatial increase, no change and decrease in SPI trends respectively
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417

over the study area from 1920 to 2015. Increase (decrease) of SPI trends by our analysis means
an increase (decrease) in moisture conditions corresponding to decrease (increase) in drought
prevalence. Assessing the mean SPI drought characteristics over the region indicates that there
were some notable variations in SPI, consistent with the distribution of precipitation. Areas with
increase in SP1 were located northeast, along the shores of the Indian Ocean and some few areas
in the Central part of the study area. Areas with no trend changes in SPI were located In
northwest, northeast, southeast parts of East/Africa’and close to the shores of the ocean. Also,
areas with decreasing SPI trend pixels were located around in the Northwest, Northeast, and
Southwest and along the shores of the study area. The 96-year precipitation records in areas with
spatial increase in SPI trend were 11.3, 136.5, 77.3 and 26.5 mm for minimum, maximum, mean
and standard deviation values respectively while the precipitation records in areas with spatial
decrease in SP1 were 539, 138.3, 56.1 and 29.7 for minimum, maximum, mean and standard
deviation values respectively. For areas with no spatial trend changes in SPI were 7.2, 161.6,
93.2 and 31.9 for minimum, maximum, mean and standard deviation values, respectively. Areas
with improvement in drought indicated the low precipitation standard deviation. Our result 411

confirms that areas with no SPI changes in drought were wetter from 1920 to 2015.
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Fig.12 Spatial trends in SPI over East Africa

Figure 13a shows the spatial slope of SPI versus latitudes (degrees). Results indicate that

high of SPI slope are clustered at higher latitudes from °latitude 0 to 12 while
low trend values

are  clustered  between 0 latitude -2 and 2 south of the study region
which is an indication that

drought is prevalent in the northern section than southern section of the study area.
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Fig.13 (a) SPI slope versus latitude (b) SPI slope versus DEM and (c) histogram of pixel count

Figure 13b shows SPI slope versus DEM where both high and low slope values of SPI are

clustered at lower latitudes between 0 to 1500 m, and at the foot hills of mountains. The
histogram

of the SPI trends is shown in Figure 13c. It can be observed that most of the SPI trends are
clustered

around the 0.0 mark, which shows that the density curve of the pixels is symmetrical and
centered
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442

443

444

445

446

447

448

about its mean. The SPI trends indicate high positive (negative) pixels above (below) the
zero44o trend mark, implying that drought prevails in both low and high elevation areas up

to 2000 m. 441 3.5 ENSO-drought relationship

Drought is considered as one of the most complex and deleterious natural, with severe impacts on
natural ecosystems, water resources and food security (Tan et al., 2015). In this study, we selected
the EI Nifio, neutral, and La Nifia years based on data from sea surface temperature (SST)
anomalies of the tropical Indian Ocean in the region + 0.5 °C and — 0.5 °C also known as the Nifio
3.4 region. The gridded Extended Reconstructed Sea Surface Temperature version 4 (ERSSTv4)
temperature data was used to study the ENSO events. We considered El Nifio (La Nifia) years as
years with average SST anomalies above (below) temperature values of +0.5 °C (—0.5 °C) from
449 October to March. The October to March period typically coincides with peak ENSO

Conditions
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Neutral years if the SST values are within - 0.5 °C < SST < 0.5 °C as shown in Fig. 14.
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Fig. 14 Extended reconstructed sea surface temperature showing El Nifio, neutral and La Nifia years.

The SPI values in neutral, EI Nifio, and La Nifia years were studied over East Africa from 1920

to 2015. The mean drought characteristics, magnitude, duration and even the dispersion, of
drought

magnitude in SPI-3, SPI-6 and SPI-12 are very similar in EI Nifio and La Nifa events while the

457 neutral years presented high dispersion in both drought magnitude and duration (Fig.15).
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Fig. 15 Boxplots of mean magnitude and duration for (a) El Nifio (b) neutral and (c) La Nifia years
Results shown on Fig. 15a indicate that the mean drought duration during El Nifio years were
less than 1.5 years while the mean drought duration during neutral (La Nifia) years was 3 (4)

years 461 (Figs. 15b and c).

In this Study, there is no direct link between ENSO and drought over the East African region.

But the association of drought in most El Nifio and La Nifia years suggests that the impact of
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ENSO cannot be ruled out. Our results have supported reports that present teleconnections
between

drought and ENSO. Previous reports have shown that ENSO events normally peak during
October

to March periods which coincides with the short (SON) and long (MAM) rainy seasons of East

Africa. This period coincides with the SON and MAM seasons and increased precipitation in
East

Africa. Considering the major drought episodes over the East Africa, our analysis has only
agreed

with the major droughts of 2011/12. Based on our results, 2011/12 was captured as an El Nifio

year with drought magnitudes captured by SPI-3 and SPI-6 as 2.8 and 0.5 respectively with
drought

duration of 3 and 6 months, respectively. The drought episode of 2011/12 affected countries like

472 Somalia, Uganda, Kenya, Ethiopia, South-Sudan and other nearby countries.

3.6. Discussion

Generally, the actual precipitation expressed as a percentage deviation from normal (or long-term
average) is the most commonly used drought indicator, although it has limited use/reliability for
spatial comparison due to its dependence on the mean (Kumar et al., 2009). According to Solanki
and Parekk (2014), the SPI represents a departure from the mean and is thus, expressed in standard
deviation units as a normalized index in time and space. The departure from the mean is a
probability indication of the severity of the wetness or drought that can be used for risk assessment.
The application of data from 1920 in this study is considered most desirable as long records provide
more reliable statistics for SPI, given that it is a statistical approach. As a result, SPI has gained
482 importance in recent years as a potential drought indicator permitting comparisons across

different 483 precipitation zones (Kumar et al., 2009; Solanki and Parekk, 2014).
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This study analyzed SPI values between 1920 and 2016 with actual precipitation and

precipitation deviation from normal in East Africa, a generally low precipitation and drought
prone

region. The objective is to establish whether or not SPI can be used as a suitable indicator (when
compared to conventionally adopted precipitation deviation-based approach for drought
intensity 488 assessment) over an extended region such as East Africa.

The results of the analysis show that very low or very high precipitation corresponded to very
low or very high SPI1 values. Thus, SPI values adequately estimated the dryness or wetness when
the precipitation is very low or very high, respectively. Table 2 shows that all periods that

experienced dry spells (or drought) recorded low/negative anomaly and SPI values with the
periods

1942-1943 recording the driest (-1.7) followed by 1983-1984 (-1.6). Similarly, the periods of
wet

spells reveal positive anomaly and SPI values with the wettest period being 2014-2015. The
outcome of this study is in line with the SPI classes proposed by McKee et al. (1993). However,
there is a marked variation between drought characteristics of magnitude, duration and intensity

when viewed against temporal scales. In essence, no time scale recorded the highest in all 3
drought

characteristics throughout the 95-year period of analysis (Table 3). This is similar to the

observation of SPI at different time scales of 3, 6 and 12 months which reveal that for shorter
time

scales, there was a high temporal variability in dry and wet periods, whereas at longer time
scales 501 (12 months), frequency of dry and wet periods were considerably decreased (Fig.
5).

The results of this study indicate that drought characteristics analysis (magnitude, duration and
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522

intensity) using SPI can be adequately applied for drought intensity assessment particularly in
regions such as East Africa where low precipitation and vulnerability to droughts is prevalent.
The precipitation anomalies (Table 4), Mann-Kendall Trend and significance level of SPI-3,

SPI-6 and SPI-12 (Table 5) and Mann-Kendall Trend and significance level of precipitation
(Table

6) reveal varying results both temporally and spatially across the eight countries comprising the
East African region covered in this study. For instance, the same drought level (SPI) may be
prevalent in a country but the precipitation anomaly values may differ (Table 4). The drought
of 510 1942-43 was worst hit in countries like Burundi, Rwanda, Ethiopia, Uganda and South-
Sudan.
From 1983-84, Ethiopia, Kenya, Somalia, Uganda and South-Sudan experienced the worst drought
episodes. Also, from 1991-92, Ethiopia, Kenya, and Somalia experienced worst drought spells,
while in 1996-97, the highest effect was observed in Ethiopia. Table 5 reveals that out of eight
countries, SPI-12 detects significant positive (insignificant positive) trend over 3(2) countries and
insignificant negative trends over 3 countries. SP1-6 detects insignificant positive trend over 6
countries and insignificant negative trend over 2 countries. SPI-3 detects insignificant positive
trends over 5 countries while insignificant negative trends in 3 stations. At regional (continental
scale), there was no significant trend in SPI-3, SP1-6 or SPI-12. The results in Table 6 show that
most countries experience oscillations between wet and dry conditions while few countries are
getting wetter with few others getting more arid. At regional (continental scale), there was no
significant trend in precipitation. There was no significant change in precipitation in annual rainy
seasons during the study period. As no annual trend was observed in the precipitation amount, we

523  applied SPI to study precipitation address potential changes in precipitation extremes.
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There is expected to be some time lag due to the unique vegetation types which, according to

Abbas et al. (2014), should have different capacity of water storage. The humid area covering
most

of Uganda as shown on Fig. 1 (with predominantly tall and dense forests) are expected to have
a

longest time lag because, according to Allen (2008), forests possess the best capacity of water
528 retention with deeper roots to tap groundwater. Conversely, arid and semi-arid areas such
as

Kenya, Somalia and Ethiopia are covered mostly by grasses and should have shorter time lag due
to the lower capacity of water retention for grasses. South-Sudan and a significant area of Tanzania
are sub-humid areas largely covered by crops. Generally, the water storage capacity of crops is
likely similar to or even lower than that of grasses, and Griinzweig et al. (2015) posits that artificial
irrigation could alter the time lag for regions engaged in irrigation agriculture. It is therefore,
expected that semi-arid areas should have a time lag similar to or longer than arid areas (Cong et
al., 2017). This pattern is largely similar to the outcome of the study as shown on Tables 4, 5 and

536 6, and Figs 4, 8 and 9.

4. Conclusions

In this study, the SPI approach applied to this study adequately explained the drought conditions
across the East African region between 1920 and 2015. The drought characteristics of magnitude,
duration and intensity collectively explained the severity levels of drought within the study area.
It is expected that the outcome of this study could be applied elsewhere in sub-Saharan Africa 543
where precipitation is limited and likelihood of drought is high.

The result from the 96 years (from 1920 to 2015) data records shows that there are a total of 41
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555

556

557

558

560
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563

wet years and 46 drought years. The anomaly of the wet years and dry years were obtained when
precipitation was above and below normal conditions respectively. The years 1961, 1967, 1997,

2007 and 2015, were adjudged the wettest while 1943, 1983, 1993, 1997 and 2003 were
adjudged

the driest. Both the positive and negative peak of SPI coincided with the positive and negative
anomaly peaks, respectively. The computed SPI at different time scales of 3, 6 and 12 months
indicated that for shorter time scales, there was high temporal variability in dry and wet periods,
551 whereas at longer time scales (12 months), frequency of dry and wet periods were
considerably 552 decreased.

Years with high drought magnitude ranged from 1920-22, 1926-29, 1942-46 and 1947-51 with
SPI values corresponding to 2.2, 3.2, 3.4 and 2.6, respectively while years with low drought
magnitude ranged from 1930-31, 1988-89 and 2001-02 with values as 0.2, 0.12 and 0.15,

respectively. The longest droughts occurred from 1929-29, 1937-41, 1942-46, 1947-51, 1952-
56,

and 1958-61 with values in years as 3, 4, 4, 4, 4, and 3 years, respectively, while the shortest
droughts occurred in time period of 1 year and ranged from 1930-31, 1964-65, 1979-80, 1981-
82, 559 1983-84, 1988-89, 1991-92, 1993-94, 1996-97 and 2001-02.

Our study also indicated that high values of SPI slope are clustered at higher latitudes from 0
o

12°561 while low trend values are clustered between -2 and 2° south of the study region which is

an

indication that drought is prevalence in the northern section than southern section of the study
area.

Both high and low slope values of SPI are clustered at lower latitudes between 0 to 1500
meters,
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and at the foot hills of mountains. The SPI trends showed high positive (negative) pixels above
(below) the zero-trend mark, indicating that drought prevails in both low and high elevation
areas 566 up to 2000 m.

In terms of ENSO impacts on drought over the region, the mean characteristics, magnitude,

duration and even the dispersion, of drought magnitude in SPI-3, SPI-6 and SPI-12 are very
similar

in El Nifio and La Nifia years while the neutral years presented high dispersion in both drought

magnitude and duration. The mean drought duration during El Nifio years were less than 1.5
years

while the mean drought duration during neutral (La Nifia) years was 3 (4) years which suggest
that

there is no direct link between ENSO and drought over the East African region. But the
association

of drought in most El Nifio and La Nifia years suggests that the impact of ENSO cannot be ruled
574 out since peak ENSO events occur during October to March periods which coincides with
the short 575 (SON) and long (MAM) rainy seasons of East Africa.

Furthermore, the outcome of this study indicates that SPI can be reliably suitable and most
applicable in drought studies within the study area as it provides for analysis in multi-temporal

levels such as monthly, single seasonal, multi-seasonal, and annual droughts, thereby allowing
for

a spatio-temporal scale of analysis that creates the room for SPI to provide accurate
meteorological

and agricultural drought analysis. To this extent, the study provides policy makers the necessary

information that is critical to local adaptation, increased resilience and mitigation measures in
the
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face of a vulnerable eco-climatic system triggered by a continuously changing climate within
East 583 Africa as well as other parts of sub-Saharan Africa.

Our study is particularly relevant in its ability to depict continuous and synoptic drought
conditions all over East Africa, providing vital information to farmers and policy makers, using

very cost-effective method. This is particularly the case in view of the assertion by Karavitis et
al.

(2011) that “effective (and reliable) information and early warning systems based on indicators

such as the SPI are the foundation for overall effective drought adaptation (and resilience)
plans”.

Finally, the adoption of SPI for this study demonstrates the fact that it is a robust concept,
unambiguous in calculation and understanding, temporally flexible, spatially meaningful, and
widely applicable, a basis for which it is considered a powerful tool for drought studies as clearly

592 amplified by Cheval (2015).
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20 Abstract East African region is susceptible to drought due to high variation in monthly 21

precipitation. Studying drought at regional scale is vital since droughts are considered a ‘creeping

22
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30

33

" disaster by nature with devasting and extended impact often requiring long periods to reverse the

recorded damages. This study assessed drought exceedance and return years over East Africa from
1920 to 2016 using Climate Research Unit (CRU) precipitation data records. Meteorological 25
drought, where precipitation is the central quantity of interest, was adopted in the work.
Standardize Precipitation Index (SPI) was used to study long term meteorological droughts and
also to assess drought magnitude, frequency, exceedance probability and return years using Joint
Probability Density Function (JPDF). Also, Mann-Kendall trend analysis was applied to
precipitation and SPI to investigate the trend changes. Results showed that years with high drought
magnitude ranged from 1920-22, 1926-29, 1942-46 and 1947-51 with values corresponding to 2.2,
31 3.2, 3.4 and 2.6, respectively while years with low drought magnitude ranged from 1930-31,
198832 89 and 2001-02 with values as 0.2, 0.12 and 0.15, respectively. The longest droughts
occurred

from 1926-29, 1937-41, 1942-46, 1947-51, 1952-56, and 1958-61 with values in years as 3, 4, 4,
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4, 4, and 3 years, respectively, while the shortest droughts occurred in time period of 1 year and
ranged from 1930-31, 1964-65, 1979-80, 1981-82, 1983-84, 1988-89, 1991-92, 1993-94, 1996-97
and 2001-02. Also, it was demonstrated that probability of drought occurrence is high when
severity is low and such droughts occur at short time intervals and not all severest drought took 38
longer periods. The SPI trends indicate high positive (negative) pixels above (below) the zero39
trend mark, indicating that drought prevails in both low and high elevation areas up to 2000 m.
There was no direct link between ENSO and drought but arguably the association of drought in
most El Nifio and La Nifia years suggests that the impact of ENSO cannot be ruled out since peak

ENSO events occur during October to March periods which coincides with the short (SON) and
43 long (MAM) rainy seasons of East Africa. The study is particularly relevant in being able
to depict

continuous and synoptic drought condition all over East Africa, providing vital information to
farmers and policy makers, using very cost-effective method.
Keywords Meteorological Drought, Joint Probability Density Function (JPDF), SPI, ENSO,

Drought Risk Mapping.

Introduction

Several studies indicate that droughts are among the most destructive natural disasters,
negatively

impacting livelihoods including crops and livestock, as well as other natural resources such as
water, ecology, and biodiversity (Haroon et al., 2016; Lei et al., 2016; Schubert et al., 2016;
Igbawua et al., 2018; Yao et al., 2018; Liu et al., 2020). The American Meteorological Society

(1997) categorizes droughts into meteorological, agricultural and hydrological mainly on the
basis
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of duration, impact and recovery rate. According to Ghulam et al. (2007) and Haroon et al.
(2016),

meteorological drought refers to a sustained period of three months or more during which
monthly

precipitation remains well below the long-term average. Agricultural drought occurs when there
is an imbalance between water availability and demand in a farmland ecosystem, where water

demand by plants is more as compared to supply. Hydrological droughts occur when
deficiencies

in surface and subsurface water supplies become evident in terms of reduced stream flow and

reduction in ground water. For the purpose of this study however, the assumption is that
“drought

occurs when precipitation deficit exceeds some critical level beyond which the prevailing
adaptive

mechanisms fail to cope”, as defined by Tarhule and Woo (1997). The occurrence of drought
has

been recorded across all continents and under all climatic regions with low and high mean
precipitation (Um et al., 2017) with varying degree, intensity, impact and duration.

In recent decades, the occurrence and incidence of drought has been aggravated with the
increase in global climate change (IPCC, 2014). For Africa, O'Connor (1995) reported that
remotely sensed data analysis from National Aeronautics and Space Administration (NASA)
reveal that about 900,000 km? of previous savanna grassland in the African region had been
severely degraded between the early 1960s and 1986 due to persistent occurrences of drought,
while Bates et al., (2008) estimated that one-third of African population live in drought-prone

areas. Yang & Huntingford (2018) revealed historical precipitation estimated by Climate
Hazards

Group InfraRed Precipitation with Station data (CHIRPS) (Funk et al., 2015) shows that during
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August, September and October (ASO) of 2016, most of East Africa (particularly Somalia,

Ethiopia and Kenya) had a reduction of 40% or more in precipitation compared to a baseline
ASO

period 1981-2015. Several studies confirm that the East African region ranks among the most
vulnerable drought-prone regions of the world with a high potential for increased risk of drought
related water and food shortages as recorded in as recent as year 2016/2017 (Love, 2009; Masih
etal., 2014; Funk et al., 2014, 2015; Yang and Huntingford, 2018). The threat of drought is
expected to further aggravate the existing widespread poverty and food insecurity (Funk et al.,
812008, 2013, 2015; von Grebmer et al., 2016). The situation is similar within other regions of
subs2 saharan Africa. In West Africa, Dai et al. (2004) reported that there is about 40% decline
in annual

precipitation total from the year 1968-1990 as compared with the 30 years between 1931 and

1960. Thus, frequent drought occurrences within the West African region have caused famine and

are threatening the human existence in African savanna regions and consequently making the 86

households highly vulnerable to drought (Eze, 2018).

Droughts are considered a ‘creeping’ disaster by nature with devasting and extended impact

often requiring long periods to reverse the recorded damages. It is therefore crucial that
consistent 89 drought monitoring is carried out to provide decisive policy support for
long- and medium-term

planning of mitigative measures. Typically, at the turn of the 20™ century, scientific studies had
adopted climatic (temperature and precipitation) and hydrological (soil moisture and stream flow)
indicators as main input towards the generation of indices for quantitative modelling of drought
severity (Kincer, 1919; Munger, 1916; McQuigg, 1954; Waggoner and O’Connell, 1956).

However, further advances in the study of drought (beginning from the latter part of the 20™"

5
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114

century into the 21% century) led to the identification of over 150 indices used for drought studies

(Niemeyer, 2008) across various regions with different climatic conditions. The most
prominently

adopted contemporary indices for drought research include, but not limited to: decile index (DI)

by Gibbs and Maher (1967); Palmer drought severity index (PDSI) by Palmer (1968),
standardized

precipitation index (SPI) applied by McKee et al. (1993); reclamation drought index (RDI) by
Weghorst (1996); US Drought Monitor (USDM) applied by Svoboda et al. (2002); optimized
meteorological and vegetation drought indices (OMDI and OVDI) proposed by Hao et al. (2015);
composite drought indices using multivariable linear regression (MCDIs) developed by Liu et al.

(2020).

Recent drought studies have relied on the availability of data from different remote sensing 105

platforms due largely to the synoptic coverage it provides for analysis over a wide region.
Numerous methods have been developed for the application of remotely sensed data in drought
studies. These include normalized difference vegetation index (NDVI) based conceptualization
such as vegetation condition index (VCI) (Kogan 1995), enhanced vegetation index (EVI) (Liu
and Huete 1995), soil adjusted vegetation index (SAVI) (Huete 1988), temperature vegetation
index (TVX) (Lambin and Ehrlich, 1995), Deviations from NDVI (Anyamba et al., 2001),

vegetation health index (VHI) (Kogan, 2001), temperature condition index (TCI) (Kogan, 1995;
112 Kogan et al., 2003), and temperature vegetation dryness index (TVDI) (Sandholt et al.,
2002).

More advanced methods now include satellite derived indices such as perpendicular drought index

(PDI) (Ghulam et al., 2007a); modified perpendicular drought index (MPDI) (Ghulam et al.,
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2007b); effective drought index (EDI) (Yao et al., 2010); and Drought severity index (DSI) 116

proposed by Mu et al. (2013) and applied by Haroon et al. (2016).

For the purpose of this study, the SPI proposed by McKee et al. (1993), and applied in Indonesia

by Pramudya and Onishi (2018) will be adopted for the analysis of drought across the East
African

region. The SPI is considered most applicable for this study because it provides for drought
analysis in multi-temporal levels such as monthly, single seasonal, multi-seasonal, and annual
basis. This level of spatio-temporal scale analysis allows for the SPI to provide accurate 122

meteorological and agricultural drought analysis.

2.0 Methodology

2.1 Study Area

The study area covers eight countries consisting of Ethiopia, Kenya, Rwanda, Uganda,
Tanzania,

Burundi, Somalia and South-Sudan (Fig. 1). The climate of the region is influenced by a number
of factors ranging from combination of the high altitude and the westerly monsoon winds that
originate from the Ethiopian Highlands and Rwenzori Mountains. Generally, majority of the

region’s countries experience two distinct precipitation regimes: “long rains” which extend

during
March—-May (MAM), and a season with “short rains”, which lasts from October to December

(OND). Figure 1 shows that much of Uganda and Somalia are humid and arid, respectively
while

much of Ethiopia is semi-arid and arid. South-Sudan and Tanzania are largely sub-humid, with

Kenya containing a vast area of aridity. Rwanda and Burundi are largely tropical highlands.



134 The major livelihood sources include pastoralism and agro-pastoralism, rangeland cultivation,
135 small-holder agriculture, milk production and dairy products processing (Morton and Kerven,
136 2013; Abbink et al., 2014).
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139 2.2 Data sets and methods
140 The precipitation data set used in this work is the Climate Research
Unit (CRU) data developed
141 by University  of East Anglia. The data
was retrieved from
142 http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.00/data/ at a
spatial resolution of 0.5 x 0.5

143 degrees covering a temporal range of 1920 to 2015. The Standardized

Precipitation Index (SPI)


http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.00/data/
http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.00/data/
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developed by McKee et al. (1993) is a popular index that is used to
characterize drought at different

time scales. SPI is computed by fitting a gamma distribution function
to precipitation data of given

frequency distribution over an area, and subsequently transforming
the gamma distribution to a 147 normal distribution with a mean and
variance of zero (0) and one (1) respectively (Suryabhagavan,

2016). The aim of doing this is to minimize skewness in the data to zero. The Gamma distribution
is widely used to represent precipitation time series (Guttman, 1999). The drought magnitude was
obtained as the cumulative SPI over the drought months taken as a positive value. The intensity
(drought severity) was computed as the magnitude divided by drought duration. The general
technique for detecting changes in precipitation and drought is trend analysis. In this work, Trend
analysis of precipitation and SPI will reveal will reveal the trends in drought over East Africa.
Since, the input parameter for SP1 computation is precipitation, trend analysis of precipitation will
be done in order to study the local changes in climate. The Mann-Kendall non-parametric test was
adopted in this work to assess the trends in precipitation and SPI and, also test the statistical
distribution of the data records. Mann-Kendall was most preferred because it works well to avoid
the problem caused by skewness of which precipitation is a kind of data that may be either
negatively or positively skewed due to the existence of extreme values (Mahajan & Dodamani,

2015).

2.2.1 SPI

In calculating SPI, we adopt methods by Haroon, et al. (2016) and Guttman (1999), and fit a

—
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probability distribution to long-term monthly precipitation records. The mean (x), standard 165

deviation (s) and skew (sk) are determined as follows:

EX
mean (x) =n 1)
IS(X - x)?
N
standard deviation (s) = N S(X - X)? 2)
skewness (sk) =w-nw-2). n (3)

where, X is the precipitation time series and N is the length of data records. The precipitation
data are transformed by the log normal (In) and the mean of those values is computed. The

transformed values are further subjected to the constant U, which is used to compute the shape
and

Scale parameter as follows:

In (X)

Logmean = Xn= n 4)

—

In (X)
U=In(X) -

v (5)
Shape i[l +\/? B= (6

X
and, 5

Scale (a) = @)

Further, the log values are transformed by the gamma distribution, incorporating the shape and

178 scale values:

X

Cumulative Gamma function G(x) = aﬁll“ﬁfxo B -1eadx (8)

10



Similarly, t=In ((1—Xg)2
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,Where 0.5 < X3<1.01

and, we perford T transformas = In (XgZ) , where 0 < X4 <0.5(9)

Co+ Cit + C2t2

and the SPI=-¢ 1+dt+dez+ases Where 0 < Xg< 0.5 (10)
1 2

Co+ Cit + C2t2

or SPI= ¢t~ 1+dt+dtz+a3ts Where 0.5 < Xy< 1.0 (11)
1 2

The constants expressed in equations (10) and (11) are given as follows

C0=2.515517, di=1.432788
€1=0.802853, d2= 0.189269
C2=0.010328, d3=0.001308

2.2.2 Drought Magnitude, Duration and Intensity

The drought magnitude (Dm) was obtained as follows

DM =-Yni=1SPlij (12)

where Dy is the drought magnitude, n is the number of months with drought event at j timescale.
193 Drought intensity (D) is the ratio of drought magnitude (Dn) to drought duration (D) as
follows:

Dm (13)

11



197  2.2.3 Mann-Kendall Trend Test

198  The Mann-Kendall trend test is given as

-1
=X, 2"
199 Sj ~1+15gn(xj— xi) (14)
200 where is the time series ranked from x; i=1,2,......... n-1and x; from
J=i+12,0 n. All the data
201 values are taken as reference point to which comparison is done with the

rest of the data values x;

202 such;
+1,> (xj—-x)
203 sgn(xj—xi) =0, = (xj- xi) (15)
-1, < (x5-x0)

204 The statistics of variance is given as

n( = D@0 +5) -7ty (i - 120 + 5)
205 Var(S) = 18 (16)

206 where is the number of ties up to sample value t; I. Zc is the test
statistics and is calculated as Z. =

5-1
Tm@),5>0

2070, *« S=0 (17)

Var(s), S <0

208

209  Zcdescribes a Standard Normal Distribution (SND) and positive and negative values of Z: shows

210  an upward and downward trend respectively. According to Mondal et al. (2012), a significance

12
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224

level is also used in testing either an upward or downward monotone trend, if y  Zc is greater

than 212 Zy then the trend is considered significant and vice versa. 2

2.2.4 Sen’s Trend Estimator

The Sen’s trend estimator test was described by Sen (1968) and the magnitude of the trend is given

by
Xj— Xk

Ti— j-k (18)

where x; and xx are considered as data points j and k (j>k) compatibly. The median of these N

values of T is represented as Sen’s estimator of slope which is given as

Th+1 Nis
| odd >
o
l
o () @9
2 Tnz+ Th+z22 N is even

Positive and negative values of Q: represent upward (increasing) and downward (decreasing)

trends, respectively.
In order to assess the spatio-temporal occurrence of drought over East Africa, the 3-month, 6225

month and 12-month SPI was used to study drought in the long term. This period is enough for

226 drought frequency and intensity assessment. The SPI was computed on monthly scale so that the 227

consistency of drought duration and intensity can be determined according to Table 1.

228

Table 1 Standard SPI table (McKee et al., 1993)
SPI value Description
2> Extremely wet

13



1.5-1.99 Very wet

1.0-149 Moderately wet
0-1.0 Mildly wet
-1.0-0 Mildly drought
-1.5--1.0 Moderately drought
-2.0--1.5 Severe drought
-2< Extreme drought
229
230 From a statistical point of view, droughts are considered as multivariate events whose dimension
231 and treatment depends on their characteristics such as the duration, severity and frequency
232 (Gonzalez et al., 2004). Most studies have proposed the Joint Probability Distribution Function
233 (JPDF) for determining probabilistic characteristic because drought severity and duration are

often 234 difficult to treat separately.

235 Given a set of observations y:.......yn, @ mathematical expression of bivariate Kernel probability 236

density estimator fsp is given as (kim et al., 2003):

d)} 1

n S-Si  d-d
KGR GE
237 fso(s,d) T n T hs (20)

238  The joint return period of drought (T'sq) is given as (kim et al., 2003):

N
239 Tsd=n[1—_ - fsp(s,d)] (21)

240  where N is the numbers of years.
241

242 3. Results

243  3.1. Seasonal Characteristics of Precipitation and Precipitation Anomaly over East Africa

244 from 1920 to 2015

245  The seasonal characterization of precipitation over the East African region (Fig. 2) reveals that

14
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251

253

254

255

256

257

259

260

long precipitations occur during the period of March to May (MAM) while short precipitations

occur from the period of October to December (OND). The study analysis revealed that peak

annual precipitation from 1920 to 2015 is recorded as 120 mm/yr while average seasonal

cumulative precipitation from 1920 to 2015 is about 920 mm/yr. Crop production over East Africa

is highly dependent on the long rainy season, which accounts for more than 70% of total annual

precipitation. It is therefore, understandably that fluctuations in precipitation within this period is

252 capable of altering and impacting food production across the region.
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Fig. 2 Characteristics of precipitation over East Africa

Figure 3 shows precipitation anomalies from 1920 to 2015. Positive and

negative anomalies

represent wet and dry conditions, respectively, over East Africa. Based on

the data used from 96

years (from 1920 to 2015) there are a total of 41 wet years and 46 drought

years. The anomaly of 258
when precipitation was above and below normal

the wet years and dry years were obtained

conditions, respectively, as seen in Fig. 3. The years 1961, 1967, 1997, 2007 and 2015 are the

wettest while 1943, 1983, 1993, 1997 and 2003 are the driest. The annual precipitation, anomalies

15



261  and the corresponding SPI’s for wet and dry years are presented in Table 2. Results show that
262  both wet and drought spells coincide with positive and negative anomalies over East Africa,

263  respectively. This shows that the reason for the drought periods was as a result of unavailability of
264  water in the soil. The magnitude of anomaly of the wet years was higher than that of the dry years
265 and both wet and dry years were obtained when precipitation was above and below normal

266  conditions, respectively. A detailed inspection of dry- and wet-year results also revealed that the
267  chances of occurrence of wet years are greater in comparison to dry years. This information is
268  important for the future planning and management of agricultural practices. This work has allowed
269 us to identify years within the region that are prone to dry/wet conditions using available 270

precipitation data records from 1920 to 2015.
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272
273 Fig. 3 Precipitation anomaly over East Africa
274

275

276 Table 2 Annual precipitation, anomaly and SPI-12

16



Condition Yr
Annual precipitation SPI
(mml/yr) Anomaly (mm/yr)
1920-21 817.7 -102.8 -1.2
1921-22 8235 -96.9 -1.1
1924-25 810.4 -110.0 -1.2
1927-28 803.3 -117.2 -1.3
1928-29 828.7 -91.7 -1.0
1933-34 820.1 -100.3 -1.1
1942-43 775.0 -145.4 -1.7*
Dry Spells  1943-44 826.4 -94.1 -1.0
1947-48 811.3 -109.1 -1.2
1948-49 823.7 -96.7 -1.1
1952-53 818.9 -101.5 -1.1
1964-65 820.4 -100.0 -1.1
1983-84 784.2 -136.2 -1.6*
1991-92 788.1 -132.3 -1.5*
1996-97 788.2 -132.2 -1.5*
1999-00 820.7 -99.7 -1.1
2003-04 815.8 -104.7 -1.2
Yr Annual precipitation Anomaly SPI
(mm/yr) (mm/yr)

1925-26 1064.5 144.1 1.6
1929-30 1071.0 150.6 1.6
1941-42 1054.0 133.6 1.4
1946-47 1056.9 136.5 15
1961-62 1185.0 264.5 2.7%*
1962-63 1069.6 149.2 1.6
1963-64 1043.2 122.8 1.3
1967-68 1110.8 190.4 2.0%*

17



Wet 1977-78 1042.9 122.4 13

Spells 1978-79 1021.9 101.5 1.1
1997-98 1180.0 259.6 2.7%*
2002-03 1006.7 86.3 1.0
2006-07 1118.2 197.8 2.1%*
2009-10 1036.0 115.6 1.3
2012-13 1036.8 116.4 1.3
2015-16 1196.4 275.9 2.8%*

277

278 3.2. Spatial and temporal representation of spatial SPI over East Africa 279 Figure 4 shows the
spatial representation of SPI for different hydrological years from 1920 to 2015 over

280  East Africa. Results show that Figs. 4a, d and k recorded the highest precipitation while Fig. 4b, e
281  and h recorded the least precipitation. It is critical to note that most of the regions that recorded
282  the highest precipitation in some years also recorded the least in other years, hence establishing
283  the fact that precipitation across most of the East African region is fluctuating and drought is not

284 peculiar to one region.
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286 Fig. 4 Spatial representation of SPI for different hydrological years over East Africa
287 From Fig. 5, calculated SPI at different time scales of 3, 6 and 12 months indicated that for
288 shorter time scales (i.e., 3 months, 6 months), there was a high temporal variability in dry

and wet

289 periods, whereas at longer time scales (12 months), frequency of dry and wet periods were
290 considerably decreased.
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293 The drought magnitude, drought duration, and corresponding drought intensity
were
294 calculated over the study area (Table 3). And also, Fig. 6 shows drought
magnitude over east
295 Africa. Years with high drought magnitude ranged from 1922-22, 1926-29,
1942-46 and 1947-51
296 with values corresponding to 2.2, 3.2, 3.4 and 2.6, respectively while years with

low drought
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297

298

299

301

302

303
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306

magnitude ranged from 1930-31, 1988-89 and 2001-02 with values as 0.2, 0.12
and 0.15,

respectively. Figure 7 shows drought duration in years over East Africa with the
longest droughts

occurring from 1929-29, 1937-41, 1942-46, 1947-51, 1952-56, and 1958-61
with values in years 300 as 3, 4, 4, 4, 4, and 3 years, respectively, while the
shortest droughts occurred in time period of 1

year and ranged from 1930-31, 1964-65, 1979-80, 1981-82, 1983-84, 1988-89, 1991-92, 1993-94,
1996-97 and 2001-02 (Also see Table 3). A comparison between Fig. 6 (drought magnitude) and
Fig. 7 (drought duration) shows that not all the severest drought took longer and vice versa. Both

304 drought magnitude and duration showed a negative slope of -0.071 and -0.086, respectively.
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Fig. 6 Drought magnitude over East Africa
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/I Drought Duration
- -0.086

Drought duration (years)

307

308 Fig. 7 Drought duration over East Africa

309 The drought magnitude was obtained as the cumulative SPI over the
drought months taken as a

310 positive value. The intensity (drought severity) was computed as the
magnitude divided by drought 311 duration. Among the droughts
recorded, the drought of 1937-41, 1942-46, 1947-51, 1952-56 had

312 the longest duration. Specifically, the results indicated that on one hand the frequency of drought
313  events were high at shorter time scales but lasted for shorter durations at longer time intervals,

and 314 on the other hand droughts were less frequent but persisted for longer periods of time.

315 Table 3 Extraction of drought characteristics
Hydrological year Magnitude | Duration | Intensity
1920-22 2.2333 2.000 1.1167
1923-25 1.7703 2.000 0.8852
1926-29 3.2102 3.000 1.0701
1930-31 0.2493 1.000 0.2493
1932-34 1.9668 2.000 0.9834
1937-41 1.5215 4.000 0.3804
1942-46 3.3653 4.000 0.8413
1947-51 2.5589 4.000 0.6397
1952-56 2.0666 4.000 0.5166

22



1958-61 1.5564 3.000 0.5188
1964-65 1.1191 1.000 1.1191
1970-72 0.9154 2.000 0.4577
1974-76 0.7563 2.000 0.3781
1979-80 0.8044 1.000 0.8044
1981-82 0.7803 1.000 0.7803
1983-84 1.5593 1.000 1.5593
1985-87 1.1279 2.000 0.5640
1988-89 0.1257 1.000 0.1257
1991-92 1.5109 1.000 1.5109
1993-94 0.8771 1.000 0.8771
1996-97 1.5102 1.000 1.5102
1998-00 1.1151 2.000 0.5576
2001-02 0.1588 1.000 0.1588

316

317 Figure 8 shows the spatial map of drought magnitude across the East African region for different

318 hydrological years.
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Fig. 8 Spatial drought magnitude over East Africa for different hydrological years

The results show that the drought magnitude is highest in 1920-21, 1950-51, 1970-71,
2000-01

and 2014-15 hydrological years. In 1920-21 hydrological year, regions that recorded high
drought

magnitude include South Sudan, Uganda, Kenya, Rwanda, Burundi and Eastern Tanzania.
In

1950-51hydrological year, drought magnitude was highest over Ethiopia and South Sudan.
In

1970-71 hydrological year, drought magnitude was highest over South Sudan, Ethiopia
and

Somalia. In 2000-01 hydrological year, drought magnitude was highest in South Sudan,
Ethiopia,

Somalia and Kenya. In 2014-15 hydrological year, drought magnitude was highest in
Ethiopia and
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328

Tanzania. This indicated that besides seasonal variability of spatial drought magnitude,
there exist 329 a strong variability of spatial drought magnitude across different decades.

330

331 3.3. Drought Risk Mapping and Joint Probability Distribution Function and Return years of

332 Drought over East Africa

333

334

335

336

337

338

The spatial drought risk map was got from the spatial SP1 map and represented in Fig. 9. It shows
the spatial drought levels over East Africa across different decades, and changes across the region’s
land mass suggested to be as a result of changes in climate and land cover. There is high variability
in drought across the decades over the region. These droughts could be categorized as ranging
from moderate to extreme, with different durations and magnitudes. Nevertheless, the total
duration, severity and magnitude of occurrence of the drought episodes varied from one location

339 to another across the decades.
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Fig. 9 The spatial drought risk map across East Africa

From Fig. 9, it appears as if drought repeats itself in some selected locations
after a period of

time but all droughts experienced in all locations and at all recorded periods
appear to differ (see 344 Figs. 9a to 9k). Drought may have similar
magnitudes or duration but different levels of severity.

For example, the droughts with magnitude (duration in years) of 1.5(4), 3.4(4), 2.6(4) and 2.0(4)
lasted from 1937 to 1941, 1942 to 1946, 1947 to 1951 and 1952 to 1956, respectively (see Table
3). Since both drought severity and durations have different distributions, the Joint Probability
Distribution Function (JPDF) given by equation (9) was used to obtain the probability Density

function and the Joint return years were obtained using equation (10). The JPDF analysis is a useful
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350

352

353

355

356

357

360
361

multivariate tool needed for water resources management. Based on the drought characteristics,
351 duration and magnitude using the 12-month SPI, the JPDF was estimated as shown in Figure
10.

From Fig.10, it shows that probability of drought occurrence is high when severity is low and such
droughts occur at short time intervals. Also, it takes so many years for a severe drought to repeat

354 itself at short time intervals.

©
S

Density function

Fig.10 The JPDF for drought duration and severity (magnitude)

Once the JPDF for the bivariate return periods of drought was calculated, the
drought severity358 duration frequency curve of East Africa was created (Fig.11).
Fig.11 is a bivariate analysis of 359 drought severity for East Africa region
showing return periods and different levels of severity.

Drought severity itself is a function of the different drivers of drought over particular area. Drought
severity characterizes drought magnitude of dry events. The JPDF drought-based curves were

362 developed for selected recurrence severity levels of 5, 10, 20, 30, 40 and 50 years are plotted in 363

Fig.11. It is observed that for any given duration, severe droughts have more return periods.
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Fig. 11 Joint return years for severity (magnitude) corresponding to duration

Table 4 shows the drought occurrence over East African countries. The result shows
that the

drought mechanism is complex and the drivers highly depend on the local
environmental

conditions prevailing in a particular country. All drought episodes are associated with
negative

precipitation anomalies, low precipitation values closely matching the SPI values. The
SPI values

depicting drought levels (shown in Table 1) are applied to reveal the varying levels of
drought

experienced over specific countries in East Africa over the study period.

Table 4 Annual precipitation anomalies for various countries in East Africa from 1920-
2015373  with SPI-12. The value in parenthesis represents SPI

BurundRwand Ethiopi Kenya Somali Ugand Tanzani South
i a a a a a Suda
n
1920/2 -145 (--197 (- -188(-
1 1.0) 13) 1.4)

1921/2 -383 (-

2

3.0)

1923/2 -174 (- -231 (-

4

12) 15)
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1924/2

5

1926/2

;

1927/2 -259 (- -225 (-

8 19) 15)

1928/2 -216 (- -158 (-

9 16) 1.0)
1932/33

1933/34 -285 (- -291 (-
21) 20)

1938/39

1940/41

1942/43 -203 (- -237 (-
15) 1.6)

1943/44 -158 (-

1.0)
1945/46 -165 (-
1.1)

1947/48 -199 (-
1.4)

1948/49

1950/51

1952/53

1953/54

1954/55

1955/56

1958/59 -193 (-
1.4)

1960/61 -211 (- -148 (-
15) 09)

1964/65

1970/71

1971/72

1975/76

1979/80

-93 (- -150 (-1.2)
1.0)

-125 (-1.0)
-128 (-1.0)
-96 (- -163 (-1.4)

1.1)

-95 (-

1.0)

-102 (-

1.1)

-146 (- -129 (-1.0)
1.7)

-89 (- -128 (-1.0)
1.0)

-170 (-
2.0)

-100 (-
1.1)

-130 (-
1.5)

-121 (- -140 (-1.2)
1.4)

-183 (-1.6)

-113 (- -149 (-1.2)
1.3)

29

-190 (- -165 (-
14) 1.3)
-168 (-

1.2)

-155 (-

1.1)

-144 (--191 (-
1.0) 15)

-163 (-

1.2)
72 (- -191 (-
1.0) 14)

-215 (-
1.6)

-109 (- -139 (--128 (-
17) 1.0) 1.0)

-104 (- -193 (-
1.6) 1.5)
-122 (-
2.0)
-88 (- -241 (-
1.3) 2.0)
177 (--222 (-
13) 18)
72 (-
1.0)
-106 (-
1.6)
-117 (-
1.8)
-68 (- -162 (-
1.0) 1.3)
-164 (-
1.3)

-80 (- -213 (--148 (-
12) 16) 1.1)

-86 (-

1.3)

77 (- -189 (-
11)  1.4)

-84 (-
1.0)
-106
(-1.3)

-123

1.5)

-124

1.5)

-110

1.3)



1981/82 -157 (- -121
1.0) (-
15)
1982/83 -125
(_
15)
1983/84 -151 (- -248 (-2.2) -83 (- -177 (- -228
17) 12) 13) -
2.9)
1985/86 -114 (-
1.3)
1986/87 -105 (- -218
12) (-
2.8)
1989/90 -124
(_
15)
1991/92 -144 (- -151 (- -155 (- -147 (-1.2) -156 (- -154 (- -97
1.0) 1.0) 18) 27)  11) -
12)
1993/94 -161 (- -84 (- -137 (-
1.1) 1.2) 1.0)
1996/97 -152 (- -138 (- -136 (-1.1) -90 (- -160 (--169 (- -86
1.1) 1.6) 13) 12) 13) (-
1.0)
1998/99 -166 (- -104 (- -171 (-1.4) -87 (-
11) 12 1.3)
1999/00 -158 (- -209 (- -161 (-1.3) -254 (-
11) 14) 2.1)
2003/04 -250 (- -141 (- -161 (-1.3) 177 (-
17) 16) 13)
2004/05 -160 (-1.3) -178 (-
13)
2005/06 -175 (- -139 (-
1.1) 1.1)
2007/08 -142 (-
1.0)
2008/09 -150
(_
1.9)
2010/11 -119 (-1.0) -150 (-
12)
2011/12 -204 (-
1.5)
374 Note: 1920/21 represents a hydrological year starting in 1920 and ending in 1921.
375
376 The spatial and temporal variability in drought trends is observed in the study area and shown
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377 in Table 5 as the Negative and Positive SPI trends at multiple time scales across the East
African 378 countries. Of all the SPI models tested, only SPI-12 indicated significant trend
values in Burundi,
379 Rwanda and Uganda with Sen’s slope (Kendal tau) values of 0.008 (0.143), 0.007 (0.144) and
380  0.008 (0.149) respectively. Basically, the SPI1-12 shows the status of year-round water shortage
381  caused by drought while SPI-6 and SPI-3 are appropriate indicators of the status of seasonal water
382 shortage caused by drought (Tan et al., 2015).
383  Table 5 Mann-Kendall Trend and significance level of SPI-3, SPI-6 and SPI-12 over East African countries
Durati Parameter Burundi  Ethiopia Kenya Rwanda  South Somalia  Tanzania Uganda Regional
on Sudan
Kendal 0.060 0.017  -0.004 0.089 -0.058 0.026 -0.028 0.062 0.036
SPI-3 (Sign) (0.086) (0.635) (0.914)  (0.011)  (0.097)  (0.450)  (0.419)  (0.074) (0.307)
Sen’s slope  0.002 0.004  -0.0001  0.003 -0.005 0.002 -0.003 0.0002 -0.0001
Trend No No No No No No No No No
Kendal © 0.073 0.008 0.006 0.087 -0.051 0.040 -0.057 0.087 0.037
SPI-6 (Sign) (0.140)  (0.879)  (0.908)  (0.079)  (0.305)  (0.421)  (0.247)  (0.079) (0.457)
Sen’sslope  0.004  0.0001 -0.0003  0.004 -0.003 0.002 -0.003 0.005 0.002
Trend No No No No No No No No No
Kendal t 0.143  -0.009  0.031 0.144 -0.071 0.072 -0.016 0.149 0.103
SPI-12 (Sign) (0.040) (0.903) (0.662)  (0.039) (0.301)  (0.301)  (0.817)  (0.033) (0.141)
Sen’sslope  0.008  -0.001  0.001 0.007 -0.004 0.004 -0.001 0.007 0.006
Trend Yes No No Yes No No No Yes No
384
385 Table 6 shows negative and positive precipitation trends at multiple time scales over East
386 African countries. Out of eight countries, precipitation shows significant positive (insignificant
387 positive) trends over 1(4) countries and significant (insignificant) negative trends over 1(2) 388
countries from 1920 to 2015.
389 Table 6 Mann-Kendall Trend and significance level of precipitation over East African countries

Country Kendal t (sign) Sen’s slope Trend
Burundi 0.023 (0.248) 0.021 No
Ethiopia -0.001 (0.980) -0.034 No
Kenya 0.005 (0.799) 0.006 No
Rwanda 0.034 (0.088) 0.092 No
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390
391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

South-Sudan -0.044 (0.028) -0.042 Yes

Somalia 0.048 (0.05) 0.007 Yes
Tanzania -0.010 (0.603) -0.010 No
Uganda 0.033(0.101) 0.022 No
Regional 0.025 (0.216) -0.005 No

3.4 Spatial trends in drought across East Africa

Figure 12 shows the spatial trend of SPI over East Africa. The approach involves running an
Ordinary Linear Regression model to the SP1 maps generated. Results show that about 28, 22
and 50 % of the SPI indicated spatial increase, no change and decrease in SPI trends respectively
over the study area from 1920 to 2015. Increase (decrease) of SPI trends by our analysis means
an increase (decrease) in moisture conditions corresponding to decrease (increase) in drought
prevalence. Assessing the mean SPI drought characteristics over the region indicates that there
were some notable variations in SPI, consistent with the distribution of precipitation. Areas with
increase in SP1 were located northeast, along the shores of the Indian Ocean and some few areas
in the Central part of the study area. Areas with no trend changes in SPI were located in
northwest, northeast, southeast parts of East Africa and close to the shores of the ocean. Also,
areas with decreasing SPI trend pixels were located around in the Northwest, Northeast, and
Southwest and along the shores of the study area. The 96-year precipitation records in areas with
spatial increase in SPI trend were 11.3, 136.5, 77.3 and 26.5 mm for minimum, maximum, mean
and standard deviation values respectively while the precipitation records in areas with spatial
decrease in SP1 were 539, 138.3, 56.1 and 29.7 for minimum, maximum, mean and standard
deviation values respectively. For areas with no spatial trend changes in SP1 were 7.2, 161.6,

93.2 and 31.9 for minimum, maximum, mean and standard deviation values, respectively. Areas
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with improvement in drought indicated the low precipitation standard deviation. Our result 411

confirms that areas with no SPI changes in drought were wetter from 1920 to 2015.
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Fig.12 Spatial trends in SPI over East Africa

Figure 13a shows the spatial slope of SPI versus latitudes (degrees). Results indicate that

high of SPI slope are clustered at higher latitudes from latitude 0 to 12° while low trend
values

are clustered between latitude -2 and 2 ° south of the study region which is an indication that
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432 drought is prevalent in the northern section than southern section of the study area.
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433 SPllyr
434 Fig.13 (a) SPI slope versus latitude (b) SPI slope versus DEM and (c) histogram of pixel count
435 Figure 13b shows SPI slope versus DEM where both high and low slope values of SPI are
436 clustered at lower latitudes between 0 to 1500 m, and at the foot hills of mountains. The
histogram
437 of the SPI trends is shown in Figure 13c. It can be observed that most of the SPI trends are
clustered
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438

439

442

443

444

445

446

447

448

449

around the 0.0 mark, which shows that the density curve of the pixels is symmetrical and
centered

about its mean. The SPI trends indicate high positive (negative) pixels above (below) the
zero440 trend mark, implying that drought prevails in both low and high elevation areas up

to 2000 m. 441 3.5 ENSO-drought relationship

Drought is considered as one of the most complex and deleterious natural, with severe impacts on
natural ecosystems, water resources and food security (Tan et al., 2015). In this study, we selected
the EI Nifio, neutral, and La Nifia years based on data from sea surface temperature (SST)
anomalies of the tropical Indian Ocean in the region + 0.5 °C and — 0.5 °C also known as the Nifio
3.4 region. The gridded Extended Reconstructed Sea Surface Temperature version 4 (ERSSTv4)
temperature data was used to study the ENSO events. We considered El Nifio (La Nifia) years as
years with average SST anomalies above (below) temperature values of +0.5 °C (-0.5 °C) from
October to March. The October to March period typically coincides with peak ENSO Conditions

450 Neutral years if the SST values are within - 0.5 °C < SST < 0.5 °C as shown in Fig. 14.
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Fig. 14 Extended reconstructed sea surface temperature showing EI Nifio, neutral and La Nifia years.

The SPI values in neutral, EI Nifio, and La Nifia years were studied over East Africa from 1920

to 2015. The mean drought characteristics, magnitude, duration and even the dispersion, of
drought

magnitude in SPI-3, SPI-6 and SPI-12 are very similar in El Nifio and La Nifia events while the

457 neutral years presented high dispersion in both drought magnitude and duration (Fig.15).
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Fig. 15 Boxplots of mean magnitude and duration for (a) El Nifio (b) neutral and (c) La Nifia years
Results shown on Fig. 15a indicate that the mean drought duration during El Nifio years were
less than 1.5 years while the mean drought duration during neutral (La Nifia) years was 3 (4)

years 461 (Figs. 15b and c).

In this study, there is no direct link between ENSO and drought over the East African region.

But the association of drought in most El Nifio and La Nifia years suggests that the impact of
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465

466

467

468

469

470

471

473

474

475

476

477

478

479

480

481

ENSO cannot be ruled out. Our results have supported reports that present teleconnections
between

drought and ENSO. Previous reports have shown that ENSO events normally peak during
October

to March periods which coincides with the short (SON) and long (MAM) rainy seasons of East

Africa. This period coincides with the SON and MAM seasons and increased precipitation in
East

Africa. Considering the major drought episodes over the East Africa, our analysis has only
agreed

with the major droughts of 2011/12. Based on our results, 2011/12 was captured as an El Nifio

year with drought magnitudes captured by SPI-3 and SPI-6 as 2.8 and 0.5 respectively with
drought

duration of 3 and 6 months, respectively. The drought episode of 2011/12 affected countries like

472 Somalia, Uganda, Kenya, Ethiopia, South-Sudan and other nearby countries.

3.6. Discussion

Generally, the actual precipitation expressed as a percentage deviation from normal (or long-term
average) is the most commonly used drought indicator, although it has limited use/reliability for
spatial comparison due to its dependence on the mean (Kumar et al., 2009). According to Solanki
and Parekk (2014), the SPI represents a departure from the mean and is thus, expressed in standard
deviation units as a normalized index in time and space. The departure from the mean is a
probability indication of the severity of the wetness or drought that can be used for risk assessment.
The application of data from 1920 in this study is considered most desirable as long records provide
more reliable statistics for SPI, given that it is a statistical approach. As a result, SPI has gained
482 importance in recent years as a potential drought indicator permitting comparisons across
different 483 precipitation zones (Kumar et al., 2009; Solanki and Parekk, 2014).
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This study analyzed SPI values between 1920 and 2016 with actual precipitation and

precipitation deviation from normal in East Africa, a generally low precipitation and drought
prone

region. The objective is to establish whether or not SPI can be used as a suitable indicator (when
compared to conventionally adopted precipitation deviation-based approach for drought
intensity 488 assessment) over an extended region such as East Africa.

The results of the analysis show that very low or very high precipitation corresponded to very
low or very high SPI1 values. Thus, SPI values adequately estimated the dryness or wetness when
the precipitation is very low or very high, respectively. Table 2 shows that all periods that

experienced dry spells (or drought) recorded low/negative anomaly and SPI values with the
periods

1942-1943 recording the driest (-1.7) followed by 1983-1984 (-1.6). Similarly, the periods of
wet

spells reveal positive anomaly and SPI values with the wettest period being 2014-2015. The
outcome of this study is in line with the SPI classes proposed by McKee et al. (1993). However,
there is a marked variation between drought characteristics of magnitude, duration and intensity

when viewed against temporal scales. In essence, no time scale recorded the highest in all 3
drought

characteristics throughout the 95-year period of analysis (Table 3). This is similar to the

observation of SPI at different time scales of 3, 6 and 12 months which reveal that for shorter
time

scales, there was a high temporal variability in dry and wet periods, whereas at longer time
scales 501 (12 months), frequency of dry and wet periods were considerably decreased (Fig.
5).

The results of this study indicate that drought characteristics analysis (magnitude, duration and
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504

505

506

507

508

509

511

512

513

514

515

516

517

518

519

520

521

522

intensity) using SPI can be adequately applied for drought intensity assessment particularly in
regions such as East Africa where low precipitation and vulnerability to droughts is prevalent.
The precipitation anomalies (Table 4), Mann-Kendall Trend and significance level of SPI-3,

SPI-6 and SPI-12 (Table 5) and Mann-Kendall Trend and significance level of precipitation
(Table

6) reveal varying results both temporally and spatially across the eight countries comprising the
East African region covered in this study. For instance, the same drought level (SPI) may be
prevalent in a country but the precipitation anomaly values may differ (Table 4). The drought
of 510 1942-43 was worst hit in countries like Burundi, Rwanda, Ethiopia, Uganda and South-
Sudan.
From 1983-84, Ethiopia, Kenya, Somalia, Uganda and South-Sudan experienced the worst drought
episodes. Also, from 1991-92, Ethiopia, Kenya, and Somalia experienced worst drought spells,
while in 1996-97, the highest effect was observed in Ethiopia. Table 5 reveals that out of eight
countries, SPI-12 detects significant positive (insignificant positive) trend over 3(2) countries and
insignificant negative trends over 3 countries. SP1-6 detects insignificant positive trend over 6
countries and insignificant negative trend over 2 countries. SPI-3 detects insignificant positive
trends over 5 countries while insignificant negative trends in 3 stations. At regional (continental
scale), there was no significant trend in SPI-3, SP1-6 or SPI-12. The results in Table 6 show that
most countries experience oscillations between wet and dry conditions while few countries are
getting wetter with few others getting more arid. At regional (continental scale), there was no
significant trend in precipitation. There was no significant change in precipitation in annual rainy
seasons during the study period. As no annual trend was observed in the precipitation amount, we

523  applied SPI to study precipitation address potential changes in precipitation extremes.
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There is expected to be some time lag due to the unique vegetation types which, according to

Abbas et al. (2014), should have different capacity of water storage. The humid area covering
most

of Uganda as shown on Fig. 1 (with predominantly tall and dense forests) are expected to have
a

longest time lag because, according to Allen (2008), forests possess the best capacity of water
528 retention with deeper roots to tap groundwater. Conversely, arid and semi-arid areas such
as

Kenya, Somalia and Ethiopia are covered mostly by grasses and should have shorter time lag due
to the lower capacity of water retention for grasses. South-Sudan and a significant area of Tanzania
are sub-humid areas largely covered by crops. Generally, the water storage capacity of crops is
likely similar to or even lower than that of grasses, and Griinzweig et al. (2015) posits that artificial
irrigation could alter the time lag for regions engaged in irrigation agriculture. It is therefore,
expected that semi-arid areas should have a time lag similar to or longer than arid areas (Cong et
al., 2017). This pattern is largely similar to the outcome of the study as shown on Tables 4, 5 and

536 6, and Figs 4, 8 and 9.

4. Conclusions

In this study, the SPI approach applied to this study adequately explained the drought conditions
across the East African region between 1920 and 2015. The drought characteristics of magnitude,
duration and intensity collectively explained the severity levels of drought within the study area.
It is expected that the outcome of this study could be applied elsewhere in sub-Saharan Africa 543
where precipitation is limited and likelihood of drought is high.

The result from the 96 years (from 1920 to 2015) data records shows that there are a total of 41
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555

556

557

558

560

561

562

563

564

wet years and 46 drought years. The anomaly of the wet years and dry years were obtained when
precipitation was above and below normal conditions respectively. The years 1961, 1967, 1997,

2007 and 2015, were adjudged the wettest while 1943, 1983, 1993, 1997 and 2003 were
adjudged

the driest. Both the positive and negative peak of SPI coincided with the positive and negative
anomaly peaks, respectively. The computed SPI at different time scales of 3, 6 and 12 months
indicated that for shorter time scales, there was high temporal variability in dry and wet periods,
551 whereas at longer time scales (12 months), frequency of dry and wet periods were
considerably 552 decreased.

Years with high drought magnitude ranged from 1920-22, 1926-29, 1942-46 and 1947-51 with
SPI values corresponding to 2.2, 3.2, 3.4 and 2.6, respectively while years with low drought
magnitude ranged from 1930-31, 1988-89 and 2001-02 with values as 0.2, 0.12 and 0.15,

respectively. The longest droughts occurred from 1929-29, 1937-41, 1942-46, 1947-51, 1952-
56,

and 1958-61 with values in years as 3, 4, 4, 4, 4, and 3 years, respectively, while the shortest
droughts occurred in time period of 1 year and ranged from 1930-31, 1964-65, 1979-80, 1981-
82, 559 1983-84, 1988-89, 1991-92, 1993-94, 1996-97 and 2001-02.

Our study also indicated that high values of SPI slope are clustered at higher latitudes from 0 to

12° while low trend values are clustered between -2 and 2° south of the study region which is
an

indication that drought is prevalence in the northern section than southern section of the study
area.

Both high and low slope values of SPI are clustered at lower latitudes between 0 to 1500 meters,

and at the foot hills of mountains. The SPI trends showed high positive (negative) pixels above
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576

577

578

579

580

581

582

(below) the zero-trend mark, indicating that drought prevails in both low and high elevation
areas 566  up to 2000 m.
In terms of ENSO impacts on drought over the region, the mean characteristics, magnitude,

duration and even the dispersion, of drought magnitude in SPI-3, SPI-6 and SPI-12 are very
similar

in El Nifio and La Nifa years while the neutral years presented high dispersion in both drought

magnitude and duration. The mean drought duration during El Nifio years were less than 1.5
years

while the mean drought duration during neutral (La Nifia) years was 3 (4) years which suggest
that

there is no direct link between ENSO and drought over the East African region. But the
association

of drought in most El Nifio and La Nifia years suggests that the impact of ENSO cannot be ruled
574 out since peak ENSO events occur during October to March periods which coincides with
the short 575 (SON) and long (MAM) rainy seasons of East Africa.

Furthermore, the outcome of this study indicates that SPI can be reliably suitable and most
applicable in drought studies within the study area as it provides for analysis in multi-temporal

levels such as monthly, single seasonal, multi-seasonal, and annual droughts, thereby allowing
for

a spatio-temporal scale of analysis that creates the room for SPI to provide accurate
meteorological

and agricultural drought analysis. To this extent, the study provides policy makers the necessary

information that is critical to local adaptation, increased resilience and mitigation measures in
the

face of a vulnerable eco-climatic system triggered by a continuously changing climate within

East 583 Africa as well as other parts of sub-Saharan Africa.

43



584

585

586

587

588

589

590

501

593

594

595

596

597

598

600

601

602

603

604

Our study is particularly relevant in its ability to depict continuous and synoptic drought
conditions all over East Africa, providing vital information to farmers and policy makers, using

very cost-effective method. This is particularly the case in view of the assertion by Karavitis et
al.

(2011) that “effective (and reliable) information and early warning systems based on indicators

such as the SPI are the foundation for overall effective drought adaptation (and resilience)
plans”.

Finally, the adoption of SPI for this study demonstrates the fact that it is a robust concept,
unambiguous in calculation and understanding, temporally flexible, spatially meaningful, and
widely applicable, a basis for which it is considered a powerful tool for drought studies as clearly

592 amplified by Cheval (2015).
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