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Abstract

In Ethiopia, sorghum covers 60% of the land and climate variation affects major producing regions. The study
assessed rainfall variability and trends in the sorghum growing semiarid rift valley. 40 years of rainfall data analyzed
for 11 stations studying variability and trend using Mann-Kendall methods. Analyses also included growing season
start and end, length and dry spells. Rainfall patterns in the Ethiopian Rift Valley varied over 40 years, with August,
July and September being the rainiest months. Short rainy season: 19.4%-33.2% yearly rainfall; main rainy season:
52.3%-70.8%. Varied short rainy season, most variability in Northern Rift Valley Escarpment (116.6-296.8 mm).
During the main season, 91% of areas got <250 mm rain, but it varied from 315.05 to 618.8 mm. Sen's slope
estimates for NRVE, ERVE and CRV show an increase ranging from 0.02-0.81, 0.05-0.71, 0.02-0.81 mm/yr in
September respectively. Rainfall varies with a 0.31-2.76 mm/year decrease and 0.19-5.12 mm/year increase
between short and main seasons. Some places have more rain each year than before (0.042 to 3.88 mm/yr), but in
5 stations it has been less (1.29 to 3.71 mm/yr). Data from 11 stations with different rainfall onset dates and CV
ranges (4.9%-16.6%). Rainy seasons range from 24 to 200 days, with changing start and stop dates, affecting crop
yield. Longer periods decrease risk; rain needed within 90 days for crop growth. Optimize crop management based
on differing LGP at stations with varied rainfall days (67-110) and variability (8.1%-25.1%) over 40 years. Few dry
spells over 5-15 days after June, odds decrease in peak season but reach 40% at 245 DOY for 5-10 days’ droughts.
Climate complexity affects planting decisions, risking crop yields. Strategies to consider include early crops and

rainwater collection.
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Introduction

Climate change and variability constitute paramount and
consequential global issues that currently confront the world [1].
These phenomena are ubiquitous and have extensive implications
worldwide [2]. Significantly, climate change and variability have been
instigated by either anthropogenic activities or natural phenomena [3].
The influence of anthropogenic climate change and variability on
climate extremes has become increasingly apparent on a global scale,
as noted by the Intergovernmental panel on climate change [4]. The
correlation between anthropogenic climate change and the irregularity
of precipitation amounts and patterns in sub-Saharan Africa remains
uncertain, most notably within the area of East Africa as noted by the
United Nations Development Programme in 2018. The locality is
presently under an imminent risk posed by disparities in climate and
its irregularities, such as periods of drought and inundation, which in
certain instances have resulted in considerable economic and social
impacts [5]. The study conducted by UNDP and Sonwa et al.
highlighted the observed alterations in precipitation patterns and
trends within the region of eastern Africa. This phenomenon was
further substantiated by the detection of inter-annual variability in the
onset, cessation and duration of seasonal rainfall intervals, number of
rainy days, dry spell frequencies and rainfall intensity [6]. According
to the Food and Agriculture Organization's report in 2011, the issue
pertaining to food security continues to be a prominent concern in the
supposed region. The country of Ethiopia currently faces a critical
situation, as it has been identified as the most susceptible nation to
climate variability and change [7]. This susceptibility is largely
attributed to the country's heavy reliance on rain-fed agriculture and
natural resources, as has been noted in previous studies [8], coupled
with its limited ability to adapt to and effectively manage these
anticipated climatic shifts [9].

In recent years, there has been a notable interest in the examination
of rainfall variability and trend analysis across various spatiotemporal
scales, in light of the scientific community's rigorous focus on climate
change concerns at both the global and regional level. The
comprehension of rainfall occurrences and amounts in a specific
spatial and temporal context largely rests on the evaluation of rainfall
fluctuations and patterns, as posited by Ngetich et al., Examination of
the seasonal patterns of precipitation has persistently garnered
significant attention in comprehending its diverse components, such as
the amount of rainfall, frequency of rainy days, duration of the
cropping season and frequency of dry intervals. Furthermore, attention
has been directed towards the start and end of the respective seasons.
The subject of past climate variability and change is widely
recognized as a significant factor affecting food security. This is
primarily attributed to alterations in the amount and interannual
variability of rainfall, often leading to recurrent droughts and floods.
Notably, rainfall is frequently employed as a key measure of climatic
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variability and its resultant impacts. Abera's research indicates that
variations in rainfall, specifically during the primary and shorter rainy
periods, exert a substantial influence on the yield of sorghum in
Ethiopia. According to a study conducted by Ejeh and Ikpe in Nigeria,
it was found that a significant proportion of the variation in sorghum
yield, estimated at 36.4%, was attributed to the variability observed in
rainfall patterns.

Several studies highlight the impact of interannual variability of
seasonal rainfall on crop productivity in Ethiopia. Specifically, factors
such as the late start and early end of the season, length of the growing
period, and dry spell during the main rain season have been found to
have significant implications for crop yield. Various studies have
identified this phenomenon in the semi-arid rift valley region of
Ethiopia, particularly with respect to early end of rain and associated
high temperature, which can lead to reduced grain filling and yield.
The availability of water for crops is a pivotal factor, as it is largely
influenced by the timing, duration and termination of rainfall, which
ultimately determine whether a farming season is successful or not. As
per the study conducted by Rae et al., early onset of the rainy season
stimulates crop germination, as a majority of farmers tend to sow their
crops in arid soil. For the purposes of this investigation, the term
"onset of the rainy season" denotes the initiation of the growing season
for crops. It is noteworthy that a specific aspect referred to as the
"false onset of the rainy season" has been identified, which pertains to
an event characterized by a period of drought preceding the typical
onset of the rainy season. In instances of an extended period of aridity,
the seedlings experience an abortive initiation and consequently
succumb, mandating their transfer to an alternate location. As per the
findings of a study carried out in Nigeria by Ati et al., conventional
approaches for determining start dates were evaluated. The previously
established methodologies for minimizing false starts, as observed by
scholars, have been deemed inadequate. Therefore, alternative
approaches that effectively reduce erroneous instances are deemed
necessary. Segele and Lamb suggest that agricultural failure in
Ethiopia's semi-arid rift valley can primarily be attributed to recurrent
10-day dry spells and a shortened growing season that results from
either replanting or untimely rain patterns, such as early cessation or
late arrival of the monsoon. The optimization of agricultural
productivity metrics in semi-arid regions can be facilitated through
dependable predictions concerning the start, cessation and duration of
the growing season. Through the provision of pertinent information,
recommendations pertaining to optimal seed and fertilizer rates,
alongside plant thinning protocols, were facilitated, enabling sensible
forecasting of production with the aim of effective planning. The
climatic conditions of Ethiopia are highly susceptible to precipitation
variability, with current studies identifying it as the foremost threat in
terms of both magnitude and frequency. Such variability manifests in a
host of ways, ranging from delayed onset or premature cessation of
showers, periodic precipitation deficits, prolonged droughts and
occasionally complete forfeiture of the entirety of the rainy season.
The consequences of this phenomenon have deleterious impacts on
rainfed agriculture that prevails in the given environment, food
security, as well as a multitude of ecological processes, as affirmed by
Demeke et al. and Di Falco et al.

The region of East Africa is primarily affected by rainfall
variability, which constitutes a crucial element in both climate and
weather. The intensity of this variability is known to fluctuate within
the region, contingent upon the ecological context of the respective
Ethiopia. This observation has been corroborated by researchers such
as Dinku et al., Demeke et al., and Omondi. The variation of

precipitation patterns exhibits dissimilar dimensions across diverse
regions of Ethiopia. The variability in rainfall is a fundamental
characteristic of the climate in Ethiopia's arid and semiarid regions, as
noted by Girma. It has been reported by Selezi and Zanke and Tilahun
that Ethiopia has undergone notable alterations in the aggregate
seasonal and yearly precipitation levels and the frequency of wet days.
The present study aims to examine the variability of rainfall in
different regions of Ethiopia by reviewing relevant literature. Notably,
Kassie et al. reported high inter-seasonal variability in the rift valley of
Ethiopia, while Araro et al., Belay et al., and Teshome et al. found
high variability of rainfall both inter-annually and inter-seasonally in
the eastern and southern parts of the country. Conversely, Ayalew et
al., Hadgu et al., Asfaw et al., and Wagaye and Antensay observed
significant variability of rainfall in the northern and northwest regions
of Ethiopia.

The variations in rainfall patterns over the earlier half-century
exhibit less observable in comparison with temperature. However,
East Africa has undergone a considerable variety of alterations in both
the distribution and amounts of precipitation. Several localities have
experienced variations in rainfall wherein some have observed an
increase in certain seasons while others have witnessed a decline.
However, identifying general patterns of rainfall has proven to be
elusive and arduous, as asserted by Daron and Few et al. The issue of
utmost importance pertains to the intricate and significant inter annual
and inter decadal variations in the level of rainfall experienced in
Ethiopia, as asserted by the Ministry of Environment and Forests in
2015. Nevertheless, an obvious decline in precipitation levels and an
apparent year-on-year fluctuation of rainfall have been observed,
characterized by distinct disparities in the distribution of rainfall
occurrences among various territories within Ethiopia. According to a
report by the United States Agency for International Development
(USAID) in 2016, certain areas have experienced a notable decline in
rainfall, with the country's south-central region being particularly
affected. Various trend analysis studies have been conducted with
regard to regional and temporal dimensions within Ethiopia, resulting
in diverse findings. According to Teshome et al., there is an
insignificant declining trend in the annual and short rainy seasons of
eastern Ethiopia, whereas there is an observable upward trend in the
main rainy season. In studies by Hadgu et al. and Gebreegziabher et
al., a study conducted in northern Ethiopia indicated the presence of
rainfall trends that were both upward and downward. On the other
hand, findings from a study carried out in southern Ethiopia revealed a
notable increase in yearly precipitation levels during both main and
short rainy periods. In the Southwest and central rift valley of
Ethiopia, a trend study of annual and seasonal rainfall revealed a
considerable decline over a considerable period. Several research
studies have indicated a decrease in precipitation levels during both
short and main rainy seasons in specific areas across the southern,
southeastern and southwest regions of Ethiopia, spanning from 1970
to the late 2000°s. The migration of the ITCZ is influenced by the rise
in sea surface temperatures in the Indian Ocean, which can further
increase variability in the timing and length of monsoon seasons,
changing customary rainfall patterns and leading to more frequent
droughts.

The detrimental impacts of pronounced seasonality and variations
in precipitation patterns on crop production have impeded economic
progress in Ethiopia, as posited by You and Ringler. The evaluation of
precipitation irregularity and patterns utilizing past records is crucial
in comprehending the challenges associated with droughts, floods and
various water consumption practices. The Central Rift Valley (CRV)
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and semi-arid lowland escapements of Ethiopia hold immense
significance as a vital region for food production. However, this region
is susceptible to droughts owing to variations in rainfall patterns,
leading to negative effects on the farming community's agricultural
productivity. The production of sorghum, cultivated in arid lowland
areas that experience significant climatic variability, is considered as
the principal crop to guarantee food security in Ethiopia, based on the
data provided by the Food and Agriculture Organization's statistics.
Sorghum, a cereal crop, holds significant importance in Ethiopia as it
accounts for a significant portion (more than 60%) of the cultivated
land. However, the producing regions are susceptible to the effects of
climate variability, resulting in notable impacts on the growth and
yield of sorghum. Undoubtedly, comprehending the climatic
components, specifically, the precipitation pattern, can serve as an
indispensable tool in devising effective strategic frameworks and
pragmatic planning geared towards enhancing the socioeconomic
welfare of a significant cohort of agricultural practitioners in the semi-
arid region of the Rift Valley (CRV). Consequently, this investigation
was instigated to assess the variations and patterns of precipitation
indicators in the sorghum-generating lowlands located in the semi-arid
region of the rift valley in Ethiopia.

Materials and Methods

Description of the study areas

The prominent geological feature of the main Rift Valley in
Ethiopia is characterized by its intricate terrain, which is marked by

noteworthy tectonic escarpments that demarcate the rift floor from the
adjacent plateaus. A visual representation of this phenomenon can be
observed in Figure 1, while further details can be gleaned from Table
1. According to Corti, this area is situated between the topographical
elevations of the Ethiopian and Somali Plateaus. According to Keir et
al. and Agostini et al., it is presently postulated that the faults situated
in the northern rift valley escarpment are in a state of quiescence.
However, in the southern region, they are expected to remain
tectonically and seismically active. The Ethiopian highlands are a
notable geographical feature, resulting from the formation of the Main
Rift Valley on either flank, as observed by Agostini et al.
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Figure 1: Study areas.

Regions Station Latitude (°N) Longitude (°E) Elevation (m) Database periods Rainfall
Central rift valley floor | Adami Tullu 7°.85” 38°.07” 1630 1981-2021 Yes
Melkassa 8.24° 39.19° 1550 1981-2021 Yes
Dheera 8°.33” 39°.32” 1741 1981-2021 Yes
Metehare 8°.85” 39°.9” 944 1981-2021 Yes
Abomisa 8°.46” 39°.83" 1630 1981-2021 Yes
Malka Werer 9°.4” 40°.07” 750 1981-2021 Yes
Eastern RV Gololcha 8°.25” 40°.125" 1373 1981-2021 Yes
escapement
Mieso 9°.2 41°11” 1470 1981-2021 Yes
Northern RV Kobo 12°15 39°38" 1468 1981-2021 Yes
escarpment
Sirinka 11°80’ 39°31" 1850 1981-2021 Yes
Alamata 12°.42" 39°63° 1589 1981-2021 Yes

Table 1: Geographical location and the respective period for the rainfall database used for climatic analyses of the targeted meteorological

stations in the three regions of Ethiopia.

The region constitutes the heart and corridor of the Ethiopian Rift
Valley that extends from the Afar triangle in the north to the Chew
Babhir in southern Ethiopia and includes semi-arid lowlands, which are
represented in the north-west and eastern escapement rift valleys. The
study covers the semi-arid rift valley of Ethiopia, which is located at
38°.07'41°.11" E and 7°.85'-12°.42" N (Figure 1 and Table 1). The
Central Rift Valley (CRV) is characterized by an alternating topography
with a central valley floor at 1500-1700 m a.s.l. and bounded by
northern, western and eastern escarpments with highest altitudes of over
4000 m a.s.1.

Lowland areas of the rift valley have a semi-arid, dry, sub-humid
and humid climate. Based on annual rainfall distribution, CRV is
characterized by a weak bi-modal rainfall pattern, which is a typical
characteristic for the central, eastern and northern eastern parts of
Ethiopia. Its valley floor receives 175-358 mm of rainfall during a
short rainy season (March-May) and 420-680 mm during the main
rainy season (June—September). In eastern and northern rift valley
escapements characterized by weak bi-modal rainfall patterns, they
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receive an annual rainfall of 833 mm during the main rain season and
603 mm during the short rain season.

The most dominant soil of the regions is andosol (orthic), followed
by phaeozems (ortic) and chromic luvisols (orthic). This showed that
silt and ash (white, volcanic) mostly dominate the soil, categorized by
their high-water infiltration capacity. Because of a long history of
agriculture and high population pressure in the area, flora cover is very
low. This, in combination with the high soil erodibility of the
andosols, means that there is a soil erosion hazard in sloping areas.

Rainfed cereal-based production systems and modest livestock
rearing are the mainstays of livelihood for households in the semi-arid
rift valley. The central rift valley floor and northern and eastern rift
valley escarpments are generally characterized by high rainfall
variability and vulnerability to frequent drought incidents that often
lead to crop failure and associated acute famines. The region covers
which, which is a significant land portions of the country that is most
environmentally vulnerable to climate change and variability.

The principal crops are cereals, mainly teff (Eragrostis tef), maize
(Zea mays), sorghum (Sorghum bicolor (L.) Moench), common bean
(Phaseolus vulgaris L.), and wheat (Triticum aestivum). The
variability and trend analysis of past rainfall was carried out for eleven
stations situated in the CRV floor and its semi-arid escapements. The
areas of study included the CRV floor (Adami Tullu, Melkassa, Dhera,
Matahara, Mieso and Melka Werer), the Easter RV escapement
(Abomsa, Gololcha) and the northern RV escapement (Kobo, Sirinka
and Alamata). The explored areas are known for sorghum production
and have almost similar weather conditions.

Type and source of meteorological data

The Enhancing National Climate Services (ENACTS) dataset was
used as a source of rainfall data. The ENACTS initiative reconstructs
rainfall data by combining station weather data with satellite rainfall
estimate. Bias correction factors are applied to the satellite records to
develop a spatiotemporally complete dataset from 1981 to 2018 at a
high spatial resolution (i.e., about 4 x k km grid). The information was
thoroughly assessed and evaluations at stations around the nation
showed the data to function well. ENACTS data for 11 locations in the
semi-arid rift valley were provided for the current investigation by the
Ethiopian National Meteorological Agency. Because ENACTS
stations are few and do not cover all research sites and station datasets
frequently have missing values, ENACTS data was chosen for the
analysis.

Data quality check and pre-assessment

After the database construction, quality control of the rainfall data
was first performed by checking for outliers and temporal
homogeneity.

Outlier detection: The Tukey fence is used to outline the values
greater or lower than a threshold value of specific time series data that
can affect the detection of homogeneity. It is the data range
corresponding to:

Q1 — 1.5 x IQR, Q3 + 1.5 X IQR (1)

where Q; and Qj are, respectively, the lower and upper quartile
points, 1.5 is the standard deviation from the mean and IQR is the

inter-quartile range. Values outside the Tukey fence are considered
outliers. In this study, such outliers were set to a limit value
corresponding to + 1.5 x IQR.

Homogeneity test: In this study, due to its lower demands in
application and interpretation as well as the cumulative deviation test
used for absolute testing (using station’s data), This method is
commonly used in climatology to detect homogeneities in the
meteorological time series. It is noted that tests for homogeneity can
be based on the adjusted partial sums or cumulative deviations from
the mean and it is given as follows:

J’U*:o and [[ = X, (Yi— ) k=1,..n (2)

The term [y is the partial sum of the given series. If there is no
significant change in the mean, the difference between yi and y will
fluctuate around zero. The significance of the change in the mean
calculated with ‘rescaled adjusted range’ R, which is the difference
between the maximum and the minimum of the [values scaled by the
sample standard deviation as:

*

R=(max | & -min j@-ﬂ__’_g‘—«-__ﬁ” )/SD (3)

0=kzn

Then the critical value for R/n is calculated by Buishand and for
n=30 its value is 1.5 and 1.4, respectively, for 5% and 10% probability
levels.

Test of randomness and persistence: In this study, before
proceeding with trend analysis, the time series data were tested for
randomness and independence using the autocorrelation function (r;)
as described in Jenkins in the following manner;

YN XI-X)(Xi+1-X)

o, (xi—x)

rl = (4) (4)

Where an observation, xit+1 is the following observation, X is the
mean of the time series and n is the number of data. In addition,
defined the critical region at 5% probability as follows;

[(—1 —1.96,/(n = 2)/(n — 1), (1 +1.96y/(n — 2)/(n — 1)] 5)

Serial correlation of lag! (the correlation of two consecutive
observations in the time series data) was employed in this study.
Whenever a significant correlation appeared in the data series, the data
series has been ‘pre-whitened’ following the procedure described by
Partal and Kahya. The pre-whitened data series may obtain as;

(X2 —r1X1,X3 —rl1X2 ....Xn—mXn — 1)

(6)
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Variability analysis

The temporal variability occurrence of various rainfall indices was
assessed at selected eleven weather stations in its regions based on the
analysis of a set of indicators defining variation following Stern et al.,
Trnka et al., and Vergni and Todisco. Precipitation Concentration
Index (PCI), Standardized Rainfall Anomaly (SRA) and Coefficient of
Variation (CV) were used as descriptors of annual and seasonal
rainfall variability over historical periods.

The Coefficient of Variation (CV%) is used to assess the variability
of rainfall data relative to its standard deviation and is normally
presented as a percentage.

CV% = ; x 100 (7)

Where, CV is the coefficient of variation in percent, § and x are
mean and standard deviation values respectively. The degree of
variability in rainfall is classified as less (CV<20%) moderate
(CV=20% to 30%) and highly variable (CV>30%) according to the
estimated CV values.

The Precipitation Concentration Index (PCI) was used for
characterizing the monthly rainfall distribution and was analyzed using
the formula described by de Lu'set et al. as;

3 EPi 2

PCImmmeWOXhﬁﬂﬂ (8)
EPi2

PCI monthly=33 3 x @Hp] (9)

Where, Pi is the rainfall amount of the month. According to Oliver,
PCI values of less than 10 indicate uniform monthly distribution of
rainfall, values between 11 and 20 indicate high concentration and
values above 21 indicate very high concentration. Inter-annual
fluctuations were evaluated by calculating Standardized Rainfall
Anomalies (SRA) and graphically presenting the results.

The Standardized Anomaly Index (SAI) was calculated to examine
the nature of the variability and enable the determination of the dry and
wet years in the record as follows:

Pt—-Pm

SAI = 3

(10)

Where SAI is standardizing anomaly index during a year (or
season); Pt is the annual rainfall in year t; Pm is long-term mean annual
rainfall throughout the observation; and ¢ is the standard deviation of
annual rainfall throughout the observation. Positive standardized
rainfall anomalies indicate greater than long-term mean rainfall, while
negative anomalies indicate less than the mean rainfall. When averaged
over several stations, the normalized rainfall anomaly yields a
normalized rainfall anomaly index. The drought severity classes are
extreme drought (SRA<-1.65), Severe drought (-1.28>SRA>-1.65),
moderate drought (-0.84>SRA>-1.28) and no drought (SRA>-0.84).

Trend analysis

The Mann-Kendall (MK) test is an excel template of a non-
parametric approach widely applied in various trend detection studies
like rainfall. The variance of S for the situation where there may be
ties (i.e., equal values) in the x values is given by:

var($) = = [N(N = 1)(2N + 5) — XM, ti(ti — 1)(2ti + 5) (11

Where: m is the number of tied groups in the data set and ti is the
number of data points in the itk tied group. For n larger than 10, ZMK
approximates the standard normal distribution and is computed as
follows;

For n larger than 10, the standard normal Z test statistic will be
used and is computed from equation 12 as;

s — 1
7= | Jvar( s) 75>0
0 ifs=0 (12)
s+ 1 %-{0
~Jvar( 5)

The presence of a statistically significant trend is evaluated using
the Z value. A positive or negative value of Z indicates an upward or
downward trend. The statistic Z has a normal distribution. In a two-
sided test for trend, the null hypothesis Ho should be accepted if |ZMK|
<Z1-02 at a given level of significance. Z1—02 is the critical value of
ZMK from the standard normal table. e.g. for a 5%significance level,
the value of Z1—a2 is 1.96.

Sen’s estimator of the slope; is used to estimate the magnitude of an
existing trend (as a change per year). Sen’s method can be used in
cases where the trend can be assumed to be linear. This method could
be used with missing data and remain unaffected by outliers or gross
errors. Then, the slope or magnitude (change per unit time) was
estimated for rainfall as below;

Q= Qn+ if N is odd number (13)
2

if Nis even (14)

@=3 (o + opuz)

Analysis of the growing season

Analysis of start, end and length of growing periods: The Start
(SOS) and End of the Growing Season (EOS) analysis of seasonal
climate characteristics for the start and end of the season were
explored for the main growing (June to September) rainy season using
historical data. The criterion used in this study was a rainfall of 20 mm
or more accumulated over three consecutive rainy days after a
specified date (in this case, June 1) with no dry spell greater than 9
days in the next 21 days. SOS was calculated from Equation (15),
given by;
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(20-F) Fd
SOS =D-—— (15) Pd=— (18)

n

Fdd
Pdd = — (19)
Where; SOS is the start date and D is the total number of days in Fd -

the first month with effective rain (MER: the accumulated rainfall Pwd =1 — Pdd {‘-D)
totals equal or exceeds 20 mm). F (mm) is the accumulated rainfall Pdw =1 — Pww (21)

total of earlier months and R is the accumulated rainfall within the
MER.

Moreover, the End of the Season (EOS) was defined as the date
when the available soil water content dropped to 10 mm m-1 of
available water in October. Rainfall end dates were also calculated
using Equation (16), given by;

EOS =b + 275 (16)

Where EOS is the cessation date and is defined from equation (16)
as any day from 1% October after which there are more than 7
consecutive days of rainfall with amounts below 50% of the soil water
requirement and “b” denotes the number of days in which there is
maximum build-up of pre-season moisture.

The Length of the Growing Period (LGP) is a key factor in deciding
the maturity of cultivars to be grown in dissimilar rainfall regimes.
Therefore, LGP is considered the period from the SOS to the EOS. It
was calculated by subtracting the date of the beginning of the rainy
season from the date of the end of the growing season in October. The
Length of the Growing Period (LGP) is the difference between the end
and the onset, which is expressed as equation (17);

LGP =EOS—SOS+1 (17

Number of rainy days: Based on the definition of the National
Meteorological Agency of Ethiopia, a day is considered a rainy day if
it accumulates 1 mm or more rainfall. The number of rainy days was,
therefore, counted starting from the first day of June to September 30
(main season) in each year. Moreover, the maximum number of
consecutive dry days (a day that accumulates rainfall of 1 mm) was
counted to determine dry spell length in the main growing season.

Analysis of the probability of dry spells occurrence: For each
meteorological station, the daily rainfall data were fitted to a simple
Markov chain model. The chance of rain was assessed both when the
previous day was dry, i.e., the chance that a dry spell would continue
and also when the previous day was rainy, i.e., the chance that a rainy
spell would continue, which is known as a Markov chain. The
probability of dry spell lengths of 5, 7, 10, and 15 days during the
main growing season was determined from the Markov chain model to
obtain an overview of dry spell risks during the crop growing season
and provide a viable decision aid to various practitioners. Dry spell
lengths of 5 to 15 days were selected to accommodate both drought-
sensitive and drought-tolerant cultivars during the growing season.
The following expressions were used in the Markov chain analysis of
dry spells in the study areas:

where Pd is the probability of the days being dry and Fd is the
number of dry days, Pdd is the probability of dry days followed by
another dry day and Fdd is the number of dry days followed by
another dry day during the growing season.

Results and Discussion

Distribution and variability of monthly, seasonal and
annual rainfall

Monthly distribution and variability of rainfall: The investigated
regions exhibit diverse long-term mean monthly precipitation patterns
and fluctuations across the studied sites, with a minimum value of 4 mm
observed at Dhera (CRV floor) during the month of December and a
maximum of 286 mm recorded at Sirinka (Northern Rift Valley
escapement) during the wettest month of August, spanning the years
1981 to 2021 (Figure 2). Consequently, a notable degree of monthly
rainfall variability was observed in the regions of interest, as depicted in
Figure 2. The months of August and July have been observed to exhibit
the greatest long-term mean monthly precipitation levels during the
primary growing season. Subsequently, the quantity of precipitation
recorded during the month of September in the entirety of the examined
regions was determined. The occurrence of augmented precipitation in
the northernmost regions and eastern areas of Ethiopia throughout the
months of August, June and September has been ascertained. The data
presented in Figure 3 illustrates that the mean monthly precipitation was
at its minimum during the months of November, December, January
and February. The months of November, December, January and
February were observed to exhibit the lowest levels of precipitation
across all the analyzed sites as depicted in Figure 3. The examined
locations displayed the highest level of monthly rainfall variability, as
evidenced by Figure 2. The aforementioned statement suggests that
there exists a considerable variation in both the pattern and amount of
rainfall, as well as its distribution throughout the months. The short
precipitation season offers an opportune time for land preparation or the
sowing of expeditiously maturing crops like mung beans. Conversely,
the principal precipitation season presents an opportunity for the
cultivation of superior sorghum varieties that attain maturity in a span
of three to four months. The cultivation of crops, particularly sorghum
var., is highly influenced by significant fluctuations in precipitation and
unstable weather patterns during the wet season. This necessitates the
employment of supplementary irrigation techniques to ensure optimal
crop growth and yield. Additionally, crops with limited maturation
periods are preferred to mitigate potential losses due to adverse weather
conditions. These particular recommendations, amongst others, are
proposed.
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Monthly Rainfall Distribution in CRV floor

Figure 2: Monthly rainfall distribution and variability in CRV floor,
Northern (NRVE) and Eastern (ERVE) rift valley escapements.

Mean Monthly Rainfall Distribution
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Figure 3: The total mean monthly rainfall distribution and
variability in CRV floor, Eastern (ERVE) and Northern (NRVE) Riff]
Valley escapements.

The studied areas exhibited substantial fluctuations in the monthly
precipitation's proportional contribution to the annual aggregate
rainfall (Figure 4). The months of August and July were found to be
the dominant contributors to the overall annual precipitation, while
September emerged as the second-largest contributor across all study
sites, as shown in Figure 4. The tri-monthly period characterized the
most precipitous months, which are of paramount importance for the
cultivation of crops at large, with a particular emphasis on crops or
cultivars that mature early on. During the study period, the months of
December, January, November and February exhibited the lowest

levels of rainfall across the examined regions. These months, known
for their comparatively arid conditions, accounted for a minimally
contributive portion of the annual rainfall within the area (Figure 3).
Nonetheless, the rainfall levels recorded during the months of March,
April and May exhibited significantly diminished contributions in
terms of the aggregate annual rainfall amounts across all analyzed
regions.

Percentage of monthly RF contribution
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Figure 4: The percentage of monthly rainfall contribution to the
annual rainfall in CRV floor Eastern (ERVE) and Northern (NRVE)
Rift Valley escapements.

Seasonal and annual rainfall distribution and variability: The
present study has established that the percentage of overall rainfall
recorded within the limited rainy season from March to May varied
between 19.4% and 33.2% of total annual rainfall levels in the
specified study sites (Table 2). The rainfall acquired during the main
growth period, encompassing the months of June to September,
reveals that it accounted for a substantial proportion ranging from
52.3% to 70.8% of the entire annual rainfall in the areas under study.
This finding is indicative of the significance of rainfall patterns during
the main growing season for agricultural production and ecological
stability in the examined regions. The present study's results are
supported by previous research conducted by NAP and the World
Bank, which demonstrate that the primary rainy season is responsible
for a significant proportion of the yearly rainfall in Ethiopia. This
abundance of rainfall facilitates the successful cultivation of 85-95%
of the nation's food crops and contributes to approximately half of the
country's overall productivity.

Regions Station Short rainy season (mm) Main rainy season (mm) Annual (mm) PCIl %
Mean CT% CV% mean CT % CV% mean CV %

CRYV floor Adami Tullu | 202.07 28.3 417 428.05 59.9 27.7 713.5 20.2 16.4
Melkassa 169.6 21.3 444 546.64 68.9 25.6 793.2 21.7 18.5
Dheera 130.8 19.4 53.3 476.8 70.8 42.9 673.2 31.7 19.4
Metehara 116.6 23 52.4 315.05 62.2 29.7 505.7 24.3 19.1
Abomisa 231.02 27.3 325 481.02 56.8 26.1 846 20.5 15.6
MalkaWarer | 161.2 27 50.8 343.9 58 33.5 593 23.6 18.2

Eastern RV | Gololcha 296.8 324 31.5 479 52.3 20 916 14.5 14.4

escapement
Mieso 219.5 33.2 51.2 360.8 54.6 33 660.5 27.2 17.2
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Northern RV | Kobo 171 25.9 88 398.7 60.6 28.8 657.7 37.7 19.9
escapements
Sirinka 233.95 23 50.3 608.4 60 26.5 1007 21.5 37
Alamata 203.3 28 46.9 413.1 57 45 719.5 26.7 211

Variation; PCI: Precipitation Concentration Index; RV: Rift Valley

Note: The main season spans from June to September while the short rainy season spans from March to May; Where, CT: Contribution, CV (%): Coefficient of

Table 2: Seasonal and annual rainfall (mm), contribution (CT), CV% and PCI for representative meteorological stations in the
CRV floor, Northern and Eastern escapements of the Rift Valley of Ethiopia.

The short rainy season spanning from March to May and the second
rainfall season, commonly referred to as ‘Arefasa or Belg,’ are
characterized by a cumulative monthly rainfall amount of 100-200
mm. Following this, a less significant wet season referred to as ‘Bona’
or ‘Bega’ rainy season occurs between the months of October and
December. Of great significance is the primary rainy season, which
extends from mid-June to mid-September (JJAS) and impacts the
majority of Ethiopia. In the wettest zones, monthly precipitation can
exceed 350 mm. According to reports, the majority of East Africa
undergoes two rainy seasons, namely the short (March to May) and
main (June to September) durations annually. Additionally,
reports show that most of East Africa experiences two rainy
seasons, which are short (March to May) and main (June to
September) rainy seasons, during the year.

In the studied localities, the rainfall levels observed during the short
rainy season of March to May varied between 116.6 mm at Matahara,
situated on the floor of the CRV, and 296.8 mm at Gololcha, located
on the Eastern RV escapement, as presented in Table 2. The region
exhibiting the greatest degree of rainfall variability during the short
rainy season (March to May) was found to be the northern Rift Valley
Escarpment's (Kobbo) area. Throughout the main cultivation period,
namely from the month of June up to September, the amount of
rainfall varied considerably, spanning from 315.05 mm (recorded at
the location of Matahra within the Central Rift Valley's floor) to 618.8
mm (observed at the area of Sirinka situated in the northern Rift
Valley's escapement) (refer to Table 2). During the short period of
rainfall, a majority of the locations within the analyzed regions,
specifically over 91%, received less than 250 mm of rainfall per
season. Additionally, based on the Coefficient of Variability (CV%), it
was observed that there was a significant variability in rainfall among
all stations, with the maximum CV being greater than 30%. During the
main period of growth, a percentage of 45 of the examined regions
received an excess of 450 mm of rainfall. During the short rainy
season, a substantial amount of variability in precipitation among all
stations was observed, with a Coefficient of Variation (CV) greater

than 30%. Conversely, during the primary growth period, the majority
of stations (i.e., 63.6%) exhibited a moderate degree of variation,
which corresponded to rainfall amounts ranging from 20% to 30%
(Table 2). The findings of the analysis indicated the presence of a
weak bimodal pattern of rainfall in the regions under study.

The study focused on the annual precipitation distribution observed
within the examined regions. The results indicate that the average total
annual rainfall in the CRV floor, specifically in the Matahara area, is
estimated at 505.7 mm while the northern RV escapement region,
particularly Sirinka, received an average of 1007 mm between the
years 1981 and 2021. According to Table 2, it can be observed that...
With the exception of Sirinka and Gololcha, a major proportion of the
assessed locations exhibited annual precipitation levels that were
below 800 mm. The regions under investigation manifest annual
rainfall variability of moderate degree (with a coefficient of variation
of less than 30%) as determined by the coefficient of variability
(% CV). The present study examines the annual distribution of rainfall
in the investigated areas and identifies a weak bi-modal rainfall pattern
that is divided into two distinct seasons, namely, the short and main
rainy seasons. Furthermore, in the studied areas, there was a notable
degree of inter-seasonal fluctuation regarding precipitation, with a
Coefficient of Variation (CV) exceeding 30% during the short rainy
season and experiencing moderate variability, ranging from 20%-30%
CV, during the main season. On average, the magnitude of the
contribution of the short rainy season referred to as "MAM" to the
total annual precipitation was notably lower, ranging between 39 to
61.3%, in comparison to the main rainy season. Furthermore, the
studied areas exhibited a higher degree of rainfall variability during
the short rainy period as opposed to the principal rainy season.

The results of the present analysis reveal a substantial difference
(exceeding 30%) in precipitation levels across the examined regions
during the two distinct seasons. The fluctuations in precipitation
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patterns significantly affect the crop yield and efficiency of
agricultural production within the study sites. It is imperative for the
regions to implement adaptive strategies that entail the cultivation of
early-maturing sorghum and other crop varietals. Furthermore,
moisture conservation techniques and rainwater harvesting practices
must be accorded priority.

Between 1981 to 2021, the annual values of the Precipitation
Concentration Index (PCI) for the locales under study exhibited a wide
spectrum, with recorded values surpassing 37.03 at Sirinka, the
northern RV escapement and minimally exceeding 14.1% at Gololcha,
the eastern RV escapement. According to Table 2, as per
documentation. Moreover, the mean values of the PCI in the examined
regions exhibited variations over the course of the year. The results
presented in Table 2 indicate that the PCI value exceeded 11% for all
stations in the analyzed zones. This observation suggests a noteworthy
precipitation concentration during specific seasons in the investigated
areas. Several research studies, namely those conducted by Bekele et
al. and Adem et al., have demonstrated that the Rift Valley region,
characterized by a semi-arid climate, exhibits a notably high
magnitude of annual precipitation, ranging from high to extremely
high annual rainfall concentrations.

Annual and seasonal rainfall standardize anomalies: The
Standardized Anomaly Index (SAI) values for the studied regions
were computed for each year from 1981 to 2021, marking different
time intervals, as shown in Figure 5. In this study, SAI was utilized to
demonstrate the inter-annual change in the area, time scale and
drought intensity, as well as its frequency. The results presented in
Figure 5 demonstrate noteworthy discrepancies in the frequency of
rainy and dry years among distinct location, revealing a significant
level of variability. The annual fluctuations in the CRV floor's dryness
frequency and tendency span from a complete absence of dry spells in
Abomisa to a comparatively drier situation in Metehare, as shown in
Figure Sa. It is frequently observed in the examined regions that a
pattern of consecutive dry years ensues subsequent to a singular dry
year and conversely, a comparable trend prevails.

In the regions under study, droughts would periodically manifest
with a frequency ranging from once every three to ten years. For
example, the eastern RV escapement experienced a drought lasting
four years, while the CRV floor at Adami Tullu was impacted by a
prolonged drought lasting six years. Similarly, the CRV floor areas of
Malka Werer and Matahara also underwent persistent drought
conditions, as depicted in Figures 5. The present study examined a
significant association between variables (Figure 5a and 5b), focusing
particularly on the temporal span from 1981 to 1988 and 2003 to
2013. With the exception of Abomsa, all of the stations encountered
varying degrees of drought conditions, ranging from mild to severe.
The CRV floor has been demonstrated to be particularly susceptible to
drought over the course of the preceding four decades, as shown in
Figures 5a and b, with Matahara and Malka Werer being identified as
particularly arid regions. Within the studied region, annual
precipitation frequently exhibited a cyclical pattern characterized by
periods of abundant and scarce rainfall. Over a period of observation,
approximately 35% of the years were marked by the occurrence of
negative anomalies, as illustrated in Figure 5. SAI was useful in
displaying the intensity and frequency of drought at different time
scales as well as defining the aspects of drought, according to Hadgu
et al., Bekele et al., Girma et al., and Teshome et al.
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Figure 5: Annual standardized for annual rainfall in CRV fool (a),
eastern (b), and northern (c) RV escapements of Ethiopia over
1981-2021. The dotted line represents the 5-year moving average.

The analysis of seasonal rainfall time-series indicated that the short
(March-May) and main (June-September) rainy seasons did not
exhibit similar patterns among the examined regions over the years
(Figure 6). Nonetheless, it should be highlighted that prolonged
periods of drought occurred during the main as well as short rainy
seasons, as shown in Figure 6a, within the vicinities of Matahara and
Melka Werer, particularly on the CRV floor. Throughout the short
duration of the rainy season, intermittent dry periods were observed in
the regions of Dhera and Melkassa, suggesting a place that exhibited a
compromised bi-modal rainfall pattern spanning over the preceding
forty-year. The graphical presented in Figure 6 demonstrates an
assessment of climate conditions, characterized as normal, wet, and
dry, respectively denoting an overall average, above-average, and
below-average year. This measurement is conducted using the
Standardized Anomaly Index (SAI). The present study reports on the
variation of Standardized Anomaly Index (SAI) values during the
main and short rainy seasons. The SAI values recorded during the
major rainy season ranged from 2.18 (very dry conditions) to 3
(extremely wet conditions). In contrast, during the short rainy season,
the recorded SAI values ranged from 1.14 (moderately dry conditions)
to 1.67 (extremely wet conditions). Over the last four decades, both
seasons have exhibited periods of aridity and high rainfall, as depicted
in Figure 6. Throughout the duration of the 40-year study, the
preponderance of the research locations experienced prolonged spells
of aridity lasting between 20 and 36 years, intense droughts persisting
for a duration of 1 to 5 years, and exceptionally wet years occurring
for a timeframe of 1 to 7 years. Notwithstanding the presence of a
short-wet spell, the observation units of the research areas have
recurrently encountered conventional aridity patterns during the
preceding four decades (as depicted in Figure 6). Based on the study's
results, the agricultural yield of the examined areas and the state of
food security have been profoundly impacted due to the rise of
drought frequency during both farming seasons.

Figure 6: Standardized Anomaly Index (SAI) for seasonal rainfall in
CRYV floor (6a), eastern (6b) and northern (6¢) RV escapements of
Ethiopia over the period 1981-2021.
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Monthly, seasonal and annual rainfall trend

Monthly rainfall trend: The findings of Mann-Kendall and Sen's
statistical analyses for trend estimation indicate that the levels of
monthly rainfall exhibit diverse patterns across distinct periods of time
and locations, whereby certain trajectories exhibit an upward
tendency, while others display a downward trend. The trends of ascent
and descent were devoid of statistical significance (P<0.05) in all
analyzed locales except for Dhera, Abomsa, and Matahara (central rift
valley floor) (Table 3). The findings for the months of March and
April indicated a decline trend in five, two and three research sites
located in the Central Rift Valley (CRV) floor, Eastern and Northern
Rift Valley escarpments, respectively, as per the results obtained from

the Mann-Kendall test. The relevant data is presented in Table 3. Sen's
analysis indicated a pattern of declining rainfall in the investigation
area during March and April, contrasted with an increase in the CRV
floor (excluding Matahara) and the Eastern Rift Valley (Golocha)
during the month of May. This finding highlight variation in rainfall
trend across the region of interest during the analyzed period. Over the
past four decades, a decline in rainfall trend has been observed during
the months of March and April in the measured areas, while an upward
trend has been identified in May throughout most of the CRV floor
regions. This result corroborated with Hadgu et al. and Adem et al.
both found that the total amount of rainfall in northern Ethiopia
decreased from March to May, whereas increase in CRV.

Regions | Study Month
areas
March April May June July August September
Zyk Q Zvk Q Zuk Q Zuk Q Zuk Q Zuk Q Zuk Q
Central | Adami | 0.011 0.021 -0.15 -0.075 | 0.28 0.14 2,73 1.17 1,81 1.44 -0.39 -0.27 0.39 0.14
rift Tullu
valley
floor Melkassa| -0.57 -0.29 0.55 0.25 0.44 0.23 1.16 0.55 -0.48 -0.45 -1.22 -0.87 0.53 0.29
Dheera | -2.2 -0.62 -0.86 -0.36 0.75 0.38 1.09 0.71 -0.55 -0.63 -0.99 -1.19 -1.9° -1.13
Metehare| 5 4 -0.82 -1.94" -0.57 0.17 0.14 -1.86" -0.71 -1.44 -1.13 -0.99 -0.51 0.51 0.22
Abomisa | -2.3" -1.78 -0.79 -0.32 0.64 0.43 1.02 0.43 0.31 0.29 0.87 0.49 -0.54 -0.5
Malka -1.4 -0.57 -1.33 -0.47 -1.38 -0.36 -1.34 -0.22 0.079 0.031 0.3 0.39 -0.64 -0.18
Werer
ERVE |Gololcha | -0.24 -0.15 0.056 0.056 0.08 0.09 0.93 0.38 -0.64 -0.54 1.04 0.71 0.95 0.71
Mieso -1.56 -0.97 -0.51 -0.42 -0.06 -0.06 2.33" 0.83 1.43 0.82 1.1 0.64 0.08 0.05
NRVE Kobo -0.72 -0.31 -1.58 -0.59 0.157 0.07 1.236 0.15 0.606 0.39 -0.69 -0.59 1.9 0.81
Sirika -0.17 -0.11 -1.45 -0.59 -1.55 -0.57 0.87 0.22 1.38 2.24 1.72" 1.78 -1.38 -0.5
Alamata | -1.2 -0.59 -0.46 -0.32 -1.34 -0.84 1.56 0.14 27" 1.86 1.88 1.64 0.06 0.02
Note: ZMK=Mann—Kendall trend=Sen’s slope, ERVE=Eastern Rift Valley escarpment, and NRVE=Northern Rift Valley Escapement.

Table 3: Trends of monthly (March-September) rainfall totals in CRV floor, Eastern and Northern RV escapements, Ethiopia for the year

1981-2021.
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During the period between June and September, it was observed
that the majority of stations within the analyzed regions exhibited
statistical non-significance (P<0.05) in the upward trend of rainfall.
Nevertheless, certain sites displayed a statistically significant trend of
decreasing rainfall amounts across the region, as evidenced by the
Mann-Kendall trend test (Table 3). The month of June represents the
start of the main rainy season and constitutes a contribution ranging
from 2.1 to 7.8% of the total annual rainfall received in the area, as
shown in Figure 4. During the month of June, an upward trend,
statistical non-significance (P<0.05), was observed. Furthermore, a
rise in rainfall levels across all examined regions was observed, with a
range of 0.43 to 1.78 mm per year in the CRV floor, 0.38 to 87 mm in
the eastern escapements and 0.14 to 0.22 mm per year in the northern
escapements. According to Figure 4, the period of September was
found to constitute 9.2 to 11.8% of the accumulated yearly rainfall in
the examined areas and it marked the end of the major rainy season.
The rainfall trend recorded in September within various stations
located on the floor of the CRV region, as well as the northern and
eastern Rift Valley escarpments, failed to demonstrate a statistically
noteworthy increase, apart from the Kobbo station located in the
northern Rift Valley escarpment. The Kobbo station registered a
considerable upward trend, as evidenced in Table 3, with a statistical
significance level of P<0.001. In the CRV floor regions, namely
Dhera, Abomsa and Melka Werer, the rainfall trend in September
exhibited a non-significant decreasing pattern. However, an
exceptional noteworthy decline was observed in Dhera, which
demonstrated a significant (P>0.01) downward trend. According to
Sen's slop estimation, rainfall trend during the month of September
demonstrated an increase across the eastern, northern and CRV floor
regions of the studied regions, progressing from 0.14 to 0.29, 0.05 to
0.71 and 0.02 to 0.81 mm per annum, respectively. Conversely, the
CRV floor region of Melka Werer, Abomsa, and Dhera displayed a
decrease in rainfall trend ranging from 0.18 to 0.54 mm per annum, as
indicated by the data recorded in Table 3. On the other hand, despite
the variability and trend seen along the studied stations, regarding the
magnitude and direction of rainfall, most stations displayed downward
and upward trends during September. This finding suggests a
reduction in the duration of the growing season and a concomitant
increase in the frequency of terminal drought.

Seasonal and annual rainfall trends: According to the Mann-
Kendall trend estimation, the majority of stations located in the study
regions demonstrated a non-significant (P < 0.05) downward trend.
However, within the past four decades, two stations, specifically
Melkassa in the CRV floor and Gololcha located in the Eastern Rift
Valley (RV) escarpments, exhibited an upward trend during the short
rainy season. Three stations exhibited notable negative trends during
the short rainy season, specifically Matahara located on the CRV floor,

Kobbo and Sirinka situated on the Northern RV Escarpment, as
indicated in Table 4. Abegaz and Abera have reported comparable
results in the northern region of Ethiopia. Simultaneously, the Sen.'s
slope estimator revealed an observable decline in rainfall tren during
the short rainy season at all observed locations, ranging from 0.219 to
1.83, 1.74 and 1.56 to 2.76 mm annually in the CRV floor, eastern, and
northern RV encampments, correspondingly. Despite this fact, there
was an increase in rainfall at Melkassa, situated on the CRV floor and
at Gololcha, located on the eastern RV escarpment, with an average
increase of 0.053 and 0.87 mm per year during the short rainy season,
respectively.

In Ethiopia, the main cultivation period for food crops falls within
the main rainy season, which comprises between 52.3 to 70.8% of the
overall rainfall for the specific regions (Table 2). During the current
season, it was observed that most stations located in the designated
regions displayed an increase in precipitation trend. However, there
were only two stations situated in the northern RV escarpment that
exhibited a significant difference (P < 0.05) in comparison to the other
stations (Table 4). Furthermore, the results of the Sen's slope estimator
analysis indicate that rainfall during the main season exhibited an
increase at Adami Tullu, Melkassa and Abomsa in the CRV floor, with
values ranging from 0.19 to 2.08 mm per annum. On the other hand,
the Eastern and Northern RV escarpments depicted a positive trend
with respect to the main season rainfall across a notable proportion of
the examined stations, with values ranging from 1.21 to 5.12 mm per
annum. The present study reveals that there was a decline in the annual
rainfall rates ranging from 0.49 to 2.25 mm in the CRV floor region as
observed in the monitoring locations of Dhera, Matahara and Melka
Werer.

The Mann-Kendall trend estimation analysis of the yearly rainfall
indicated a decreasing pattern in five stations situated within the
regions, namely, Dhera, Matahara, Abomsa, Melka Werer (CRV floor)
and Kobbo (Northern RV escapement). The present study reports an
increase in trend of the studied parameters in five stations situated in
distinct regions, namely Adami Tullu and Melkassa (located on the
Central Rift Valley floor), Gololcha (situated on the Eastern Rift Valley
escarpment), Sirinka, and Alamata (located on the Northern Rift Valley
escarpment). Among these stations, Adami Tullu and Matahara
exhibited statistically significant differences (P < 0.05) in their data
results. According to the Sens slope estimator, there was a notable
increase in rainfall from 0.042 to 3.88 mim per year within the regions
under analysis. However, there was a decline observed in the range of
1.29 to 3.71 mm per year in five stations, namely Dhera, Matahara,
Abomsa, Melka Werer (CRV floor) and Kobbo (Northern RV
escapement) as presented in Table 4.

Regions Study areas Short rainy season Main rainy season Annual
Zyk Q Zyk Q ZyK Q
CRYV floor Adami Tullu -0.15 -0.219 1.45 2.08 1.92* 3.88
Melkassa 0.06 0.053 0.015 0.19 0.42 0.9
Dheera -0.46 -0.31 -0.71 -1.62 -0.75 -2.28
Metehare -2.37* -1.83 -1.81* -2.25 -2.62** -3.71
Abomisa -1.54 -1.66 0.5 1.02 -1.41 -2.22

J Earth Sci Clim Change, an open access journal

Volume 16 ¢ Issue 2 * 1000883



Citation:
Change 16:883.

Edao AL (2025) Rainfall Variability and Trends Analysis in Sorghum Growing Semi-Arid Rift Valley of Ethiopia. J Earth Sci Clim Change

Page 12 of 16

Malka Werer -2.5* -1.97 -0.37 -0.49 -1.04 -2.55
Eastern RV Gololcha 0.55 0.87 0.99 1.21 0.034 0.19
escapement Mieso -1.36 -1.74 1.72 2.03 0 0.042
Northern RV Kobo -2.57* -2.76 0.73 1.5 -0.48 -1.29
escapement Sirika -1.69* -1.56 1.72* 43 0.95 3.34

Alamata -1.72* -2.35 2.53* 5.12 0.42 0.94
Notef: ZMKI=ME|1nn—KendaII trend test; Q=Sen’s slope is the change (mm)/annual; ns is a non-significant trend at 0.05 and 0.1 and *indicates a significant trend at 0.1
significant leve

Table 4: Trends of annual and seasonal rainfall totals in CRV floor, Eastern and Northern RV escapement Ethiopia for the year 1981-2021.

The central floor of the rift valley as well as the eastern and
northern RV escapements of Ethiopia have exhibited a trend of
declining rainfall amounts and patterns during the short rainy season.
Conversely, a downward trend in rainfall amounts and patterns during
the main rainy season and the overall annual rainfall has been
observed mainly in the CRV floor at the majority of the locations
studied. In previous studies, it has been established by the works of
both the by Kassie et al. and Getachew and Tesfaye investigation of
that the region under study experiences a shortage in rainfall and is
susceptible to drought due to variations in seasonal rainfall. However,
with the exception of Kobo located in the northern RV escarpment,
noteworthy decline was apparent in the annual precipitation levels. In
contrast, both the main rainy season and the cumulated annual amount
distinctly manifested an improving trajectory in both the eastern and
northern RV escarpments. The rationale for this phenomenon can be
attributed to the rainfall accumulated during the extended monsoon
period, as a result of the convergence of the pressure system of low
magnitude and the inter-tropical merging zone. It is plausible that this
occurrence has been influenced by the on-going climate variability.
The decrement observed in the main rainy season and the overall
rainfall levels on the floor of the Central Rift Valley hold undesirable
ramifications for the cultivation of rain-fed crops.

Growing season characteristics

Variability and trends at the start and end of the growing
season’s: The characters of the seasonal climate were analyzed to
determine the start and end of the main rainy cultivation period (June to

September). Several investigations have previously demonstrated the
significance of seasonal climate attributes, including the start, end and
duration of the growing season, as well as occurrences of dry
spells. These attributes are vital in terms of effectively managing
climate resources and crop cultivation practices within a specific
geographical region. The findings obtained from the examination of
rainfall data at the eleven stations have revealed that there exists
variation in the start and end of the dominant planting periods among
the investigated regions (Table 5). The study revealed that the mean
onset dates of the growing season varied substantially among the
analyzed sites, ranging from Julian day number (DOY) 177 (i.e., June
25 at Dhera on the CRV floor) to 196 (July 6 at Mieso in the eastern
RV escapement) as presented in Table 5. The present study reports on
the Coefficient of Variation (CV) for the Start of the Season (SOS)
across different locations. Results indicate that the SOS CV ranged
from 4.9% at Dhera to 16.6% at Adami Tullu on the CRV floor. The
majority of the observed sites (72.7%) reported a start of the growing
season on the first "dekad" of June (DOY 153), whereas the start of
the growing season in the northern RV escapement at Almata was
observed to be the latest, occurring on the first dekad of July (DOY
196). The range of Standard Deviation (SD) values for the Start of the
Season (SOS) observed across the examined sites exhibited a
minimum of 12.7 and a maximum of 31.3 in the respective regions
studied. This observation suggests that the stability of the SOS is
compromised, as the standard deviations recorded exceed the
prescribed ranges proposed by Reddy. This suggested that the patterns
could be difficult to understand and consequently, decisions on
planting dates and related activities were made at high risk.

Features Central rift valley floor Eastern RV Northern RV escapement
escapement
Adami Melkassa | Dheera Metehare | Abomisa | Malka Gololcha | Mieso Kobo Sirinka Alamata
Tullu Werer
SOS Mini 153 154 157 153 153 153 153 155 166 159 157
Max 299 219 201 233 233 233 221 233 230 215 214
Mean 185 180 177 190 184 190 184 196 192 186 181
SD+ 313 14.6 12.7 14.7 16.5 20.95 16.6 19.8 20.5 20.4 23.16
CcVv 16.6 8.1 4.9 7.8 9 11.1 9.1 10.2 10.3 1.2 12.2
ZmK -1.73* -1.16 -2.39* 2.02* -1.29 0.2 0.04 -2.3* -0.57 -0.17 1.09
Q -1.39 -0.22 -0.31 0.33 -0.32 0 0 -0.64 -0.13 -0.1 0.18
EOS Mini 279 275 275 275 275 275 275 275 275 275 275
Max 306 284 392 290 320 276 312 283 286 281 296
Mean 276 274 282 275 285 275 281 278 276 275 276
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SD 54 1.74 717 2.34 11.87 0.15 11.1 1.3 2.9 2.3 3.4

cv 1.8 0.6 25 0.9 4.1 0.1 3.9 0.5 0.9 0.8 1.2

Zuk 0 0 -1.86* 0 -0.18 0 0.57 0 0 0 0

Q 0 0 -0.12 0 0 0 0 0 0 0 0
Note: ZMK is Mann—Kendall trend test, Slope (Sen’s slope) is the change (days/annual; **,* is statistically significant at 0.05 and 0.1 probability level; ns is the non-
significant trend at 0.1; SD is Standard Deviation; CV is the Coefficient of Variation

Table 5: Variability and trend of LGP and NRD for eleven stations (1981-2021) in CRV floor, Easter and Northern RV escapements of Ethiopia.

The present study reveals that the average end date of the growing
season (EOS), in the various regions studied at the research sites,
differs significantly. The mean end date of the growth season (EOS) in
the regions at the studied sites ranges from the second dekad of
October (DOY 285) at Abomsa in the CRV floor to the fourth dekad
of September (DOY 274) at Malkassa in the CRV floor, with a
coefficient of variance ranging from 0.1 to 4.1%. (Table 5). The
earliest and latest ends of the season fall on the fourth dekad of
September (DOY 274) at Malkassa on the CRV floor and on the
second dekad of November (DOY 320) at Abomsa on the CRV floor,
respectively (Table 5). However, the start of the season and the
end date did not show variations for the majority of stations in
regions across the studied sites. The end of the growing season is
determined by the amount of water that has been stored in the soil
and will be available to the crop once the rains stop.

In the analyzed regions and stations, the conclusion drawn from the
data is that the end dates of the growing season were observed to be
delayed by one and three days as compared to the respective means at
Melkassa and Adami Tullu. On the other hand, in Dhera and Abomsa,
the growing season ended seven days earlier. The present study found
that, in a comparable fashion to Gololcha, Mieso and Kobbo, the
growth period of Sirinka terminated prematurely, by one day for each
instance. Gololcha arrived six days prior to the anticipated date (Table
6). The other stations had changes at the end of the season by either
staying the same or changing by just one day. However, most stations
had small changes during the time when plants grow the most. The
standard deviations showing the variances were between 0.15 (for
Melka Werer) and 7.17 (for Dhera) on the CRV floor" (Table 6).
Farmers may choose to grow crops that take a long time or a short
time to mature, depending on how the weather changes throughout the
growing season. This helps them figure out when the best time is to
harvest their crops.

The present study has demonstrated that a significant modification of
the start date of the growing season has taken place in the majority

of stations within the analyzed regions over the past four decades, as
determined by the Mann-Kendal trend and Sens slope estimation
results (Table 5). The start of the growing season showed decreasing
trends (P < 0.05) in the majority of the analyzed stations (63.6%) and
rising trends (P < 0.05) in four of the eleven studied stations. Except
for three places in the CRV floor at Dhera and Abomsa with a
decreasing trend and Abomsa with a rising trend (P < 0.05), the date
for the end of the growing season indicated neither a lowering nor an
increasing trend (Table 5).

Trend in the length of the growing period and number of rainy
days: From the perspective of crop production, another crucial aspect
of rainfall that must be taken into consideration is the level of
variability observed in the Length of the Growing Period (LGP) as
well as the frequency of rainy days. Upon the conclusion of the study,
it was found that the Length of the Growing Period (LGP) for
sorghum cultivation during the main rainy season varies between 78
days in Kobo, situated in the Northern Rift Valley escapement, and
143 days in Golocha, located in the Eastern Rift Valley escapement.
The findings derived from the analysis, as presented in Table 6,
indicate that the Coefficient of Variation (CV) and Standard Deviation
(SD) for the LGP in the examined regions ranged between 10.2% and
34.6% and 10.7 and 31.3 for the Dhera and Adami Tullu regions in the
CRV floor, respectively. In the examined locations, the main rainy
season exhibited a range of Length of Growing Period (LGP) varying
from a minimum of 24 days in Adami Tullu situated in the CRV floor
to a maximum of 200 days in Gololcha positioned in the eastern RV
escapement (Table 6). The study revealed that the main rainy season in
the areas under investigation exhibited significant inter-annual
variability in both its onset and cessation. This condition served as a
contributing factor to the high degree of inter-annual variability
observed in the Length of the Growing Period (LGP). Concurrently,
the results obtained Bekele et al. and Edao et al. has established that
the timing of onset, whether early or delayed and the corresponding
timing of cessation, whether early or delayed, have significant impacts
on the length of the growing season, causing seasonal variations.

Features Central rift valley floor Eastern RV Northern RV escapement
escapement
Adami Melkassa | Dheera Metehare | Abomisa | Melka Gololcha | Mieso Kobo Sirinka Alamata
Tullu Werer
LGP Max 126 121 137 122 140 122 200 120 117 116 148
Min 24 56 82 42 52 42 87 40 45 60 61
Mean 90 95 104 86 98 80 143 80 78 88 85
SD 313 14.78 10.7 14.8 18.7 20.95 25.356 19.8 215 19.1 23.25
cVv 34.6 15.6 10.2 17.3 19.2 245 17.8 24.8 23.9 16.5 27.7
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Zyk 0.42 0.078 -0.31 -2.45* 0.18 -1.8* 1.47 1.3** 0.41 1.78 -.0.39
Q 0.19 0.02 -0.13 -0.57 0.05 -0.4 0.31 0.61 0.12 0.4 -0.07
NRD Max 106 110 119 115 122 120 122 113 107 108 98
Min 38 62 14 33 61 45 72 52 32 43 45
Mean 67 83 101 75 103 88 110 89 83 90 75
SD 14.788 10.04 20.8 18.8 12.57 19.6 8.9 14.65 15.2 14.38 11.3
cv 221 12.1 20.1 25.1 12.2 222 8.1 16.5 18.3 16 15
Zvk -1.41 -1.57 -1.64 -0.93 0.41 -3.2%* -0.55 0.67 -1.32 1.91* 1.46
Q -0,26 -0.21 -0.32 -0.3 0.05 -0.74 -0.032 0.14 -0.25 0.28 0.25
Note: ZMK is Mann—Kendall trend test; Q is Sen’s slope is the change (days/annual; **,* is statistically significant at 0.05 and 0.1 probability level; ns is the non-
significant trend at 0.1; SD is Standard Deviation; CV is Coefficient of Variation; LGP-Length of the Growing Period; NRD-Number of Rainy Days

Table 6: Variability and trend of LGP and NRD for eleven stations (1981-2021) in CRV floor, Eastern and Northern RV escapements of Ethiopia.

The study revealed that the LGP at the majority of research sites
exhibited a duration of three months or less over the past four decades,
as presented in Table 6. The present findings have substantiated the
need for an extended growth duration necessitated by sorghum
cultivars, given their potential to reach maturity within a minimum of
90 days. Notably, the sufficiently long growing period has been
observed to mitigate the likelihood of moisture stress in the study
regions, thereby facilitating the cultivation of crops with minimal risk.
The aforementioned statement suggests that the study areas are
incapable of producing cultivars with a maturation cycle extending
beyond 90 days under the circumstances of natural rain-fed conditions.
The study revealed significant variability in the Length of Growing
Period (LGP) across the eleven stations examined. As a consequence
of this observation, crop management practices should be exercised
with marked prudence in order to ensure optimal yields. These
practices may include, but not be limited to, timely planting decisions,
careful selection of drought-tolerant or early maturing varieties, the
adoption of effective tillage management techniques for the purposes
of rainwater harvesting or soil moisture conservation and the
implementation of deficit irrigation as a supplementary practice to
avert terminal stress and accomplish high productivity rates with long-
cycle crop varieties.

Across the three geographic regions encompassing eleven stations,
the average expected quantity of rainy days during the primary
growing season varied between 67 days for Adami Tullu situated on
the CRV planar surface to a maximum of 110 days for Gololcha
located within the eastern RV escapement. This trend persisted over
the duration of the period from 1981 to 2021. The results indicate that
there was a range of variation in the frequency of rainy days during
the main growing season, with a moderate percentage of 8.1% up to a
high percentage of 25.1% (Table 6). Within the studied region, there
existed varying levels of rainfall during the main period of plant
cultivation, as evidenced by a maximum of 122 days and a minimum
of 14 days with recorded rainfall. The present study revealed that there
was a high degree of variability, with a coefficient of variation greater
than 20%, in the number of rainy days at Adami Tullu, Dhera,
Matahara and Melka Werer during the main growth period. This
variability was observed to be consistent with inter-annual fluctuations
and was notably higher than that recorded in the remaining stations.
This finding shows that regions with high risks for effective crop
cultivation exhibit significant variability concerning the quantity of
days with rainfall.

The results of the Mann-Kendall trend estimation indicate a lack of
statistical significance in the upward trend of LGP across the majority
of studied locations, accounting for 63.6% of sites over the course of
the past 40 years (Table 6). Conversely, some sites saw a downward
trend in the number of rainy days, which was observed in about 36.4%
of the study locations, as presented in Table 6. The findings from
Table 6 indicate that in the studied regions, the LGP experienced an
increase within the range of 0.02 to 0.61 per season, while the number
of rainy days demonstrated a decrease ranging from 0.032 to 0.74 per
season. However, it is noteworthy that in some regions, the Light
Growth Period (LGP) experienced a decreasing trend ranging from
0.07 to 0.74 per season in four of the eleven sites in the area under
observation, while in the same four sites the frequency of rainy days
exhibited an increasing trend ranging from 0.05 to 0.28 per season.

The probability of dry spell occurrence: Figure 7 displays the
probability of extended periods of drought, ranging from 5 to 15
consecutive days without measurable rainfall (i.e., at least 0.85 mm),
during the primary growing season at eleven studied stations
throughout the investigated regions over the course of four decades.
The findings presented in Figures 7 (sp-5 and sp-10) demonstrate that
the probability of a dry spell with a duration surpassing 5 and 10 days,
prior to the start of the main growth period (153 Daily Observation
Year (DOY)), is less than 40% in the CRV floor of Abomsa and ERVE
of Gololcha, whilst being as elevated as 60% in the majority of other
areas. The probability of a period of no rainfall lasting more than
seven days is in excess of 80% at Abomsa and Gololcha prior to the
main growth season, as outlined by data obtained. Moreover, the
probability of a dry spell extending beyond two weeks (equivalent to a
15-day interval) is greater than 50% at more than half of the research
stations investigated prior to the inception of June's onset (153 DOY),
as depicted in Figure 7. The probability of a prolonged absence of
rainfall, specifically lasting more than seven days, is noticeably
substantial, surpassing 80%, in the locales of Abomsa and Gololcha
preceding the start of the main cultivation period, which transpires on
the one hundred and fifty-third day of year (DOY 153). However, the
probability of encountering an absence of rainfall persisting for a
period greater than two weeks, specifically lasting for fifteen days, is
higher than 50% at more than half of the analyzed stations preceding
the advent of June, which corresponds to DOY 153, as illustrated in
Figure 7. Across all observed locations with the exception of Gololcha
and Abomsa, the probability of a 5-day extension of a dry spell during
the short rainy interval, MAM, surpassed 80%. Similarly, most
analyzed sites evidenced a probability exceeding 60% of experiencing
a 7-day increase in the duration of dry spells, except for Gololcha and
Abomsa. This finding implies that Abomsa and Gololcha have the
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potential to generate crops that display resistance to drought with
minimal exposure to risk amidst the short rainy season.

At the onset of the main agricultural cultivation period, the
probability of experiencing a dry spell with a duration of one week or
ten days is ascertained to fall below 35% (Figure 7). However, at the
study sites investigated, the probability of encountering a dry spell
lasting for a period extending beyond two weeks is considerably
minimized to below 20% (Figure 7). The presented evidence indicates
a diminished probability of cultivating crops that possess drought
resistance within the aforementioned regions. In all studied locations,
the probability of a prolonged period of dry weather, surpassing 5, 7,
10 or 15 consecutive days, is below 40% subsequent to the initial ten-
day period in June. The probability of experiencing dry spells lasting 5,
7 and 10 days’ decreases to less than 20% during the start of the peak
season (June, July and August) and subsequently increases to 40%
upon the occurrence of the 245™ day of the year in all stations, as
illustrated in Figure 7. The regions under consideration exhibit weak
bimodal rainfall patterns, resulting in prolonged dry spells exceeding
15 days, a factor that poses a significant challenge for growers
intending to cultivate longer-maturing sorghum cultivars in the area.
The present study indicates the significant fluctuations in rainfall
patterns during the developmental stages of crops, which have
relevance in relation to the agronomic suitability of sorghum varieties
with a condensed maturation phase. It is recommended that crops
whose cycles extend into the month of October be subjected to
supplementary irrigation or moisture collection techniques. The above
listed regions have undergone changes over the past four decades.

SP-5-FRVE

Figure 7: Probability of dry spells longer than 5, 7, 10 and 15 days
in CRV (central rift valley), ERVE (Eastern Rift Valley Escapement),
NRVE (Northern Rift Valley Escarpment) regions in the period of
1981-2021.

Conclusion

Over the past 40 years, the amount of rain that falls each month in
Ethiopia's semi-arid rift valley has changed and varies greatly. This
has led to noticeable changes in how much rainfalls each month.
August and July have the highest rainfall, followed by September.
Next few months crucial for crop growth due to low rainfall in March-
May. These next few months are important for growing crops,
especially those that don't take as long to grow. Rainfall was very low
in the examined regions in December, January, November and
February. The rainy season (Mar-May) brought 19.4%-33.2% of

yearly rainfall, while the growth period (Jun-Sep) contributed
52.3%-70.8%. Rainfall ranged from 116.6 to 296.8 mm during short
rainy season, with high variability in Northern Rift Valley Escarpment.
Rainfall varied from 315.05 mm to 618.8 mm (Jun-Sept) and most
areas received less than 250 mm per season. Rain varied greatly
between stations with max CV>30%. 45% of areas had excessive rain
(450 mm) during growth period. Rainfall is highly variable (CV>30%)
during the rainy season and moderately variable (20%-30%) at 63.6%
stations during the growth period. A weak bimodal pattern was
observed.

The PCI mean values varied throughout the year, with all stations in
analyzed zones exceeding 11%. SAI values, revealing variations in
area, time scale, drought intensity and frequency. Abomisa
experiences no dry spells, whereas Metehare is comparatively drier.
Droughts happen every 3-10 years in studied areas. SAI measures
variation in rainy seasons: Major rainy (2.18-3) and short rainy
(1.14-1.67). 40 years in Figure 6 with dry spells, droughts and wet
years. Dryness persisted for 40 years, causing droughts and impacting
agriculture and food security.

Analyses show varied rainfall patterns over time and locations.
Some trajectories show upward trends, others downward. In
September, rainfall increased in the east, north and CRV regions (0.14
to 0.29, 0.05 to 0.71 and 0.02 to 0.81 mm per year, respectively) based
on Sen's slope estimation. The CRV floor region in Melka Werer,
Abomsa and Dhera had reduced rainfall of 0.18 to 0.54 mm annually.
Most stations showed mixed trends in September. This suggests
shorter growing seasons and more terminal droughts. Rainfall main
rainy season increased in Adami Tullu, Melkassa and Abomsa in CRV
floor (1.02-2.08 mm/yr), while the Eastern and Northern RV
escarpments displayed positive trends (1.21-5.12 mm/yr). Annual
rainfall rates declined in Dhera, Matahara and Melka Werer (0.49-2.25
mm/yr). Sens slope shows increased annual rainfall from 0.042 to 3.88
mm per year in analyzed regions, but decline in 5 stations ranging
from 1.29 to 3.71 mm/year (Dhera, Matahara, Abomsa, Melka Werer
and Kobbo).

Rainfall data from eleven stations reveal varying planting periods,
with growing season start dates ranging from DOY 177 (June 5 at
Dhera) to DOY 196 (July 6 at Mieso) across locations, with CV
between 4.9% (Dhera) to 16.6% (Adami Tullu) on CRV floor.
Majority of sites (72.7%) begin growing season in early June (DOY
153) except Almata escapement starting in July (DOY 196). SOS
deviation exceeds Reddy's,1990 range, hinders pattern understanding
and increases risk. Malkassa on the CRV floor has the earliest end on
DOY 274, while Abomsa on the CRV floor has the latest end on DOY
320. Growing seasons ended later in Melkassa and Adami Tullu, but
earlier in Dhera and Abomsa. Sirinka's growth period ended one day
earlier than Gololcha, Mieso and Kobbo, with Gololcha arriving six
days early. Weather affects crop growth and harvest timing. This study
found that the start date of the growing season has changed
significantly in most of the regions analyzed over 40 years. 63.6% of
analyzed stations showed a decrease in the start date, while four had
an increase. Except for 3 locations, the end of the growing season
showed no trend change. The study found that sorghum LGP varied
between 78 and 143 days, with CV and SD also varying. Rainy season
lengths varied from 24 to 200 days in examined locations. Onset and
cessation showed significant inter-annual variability. This condition
led to variability in LGP. A longer growing period reduces moisture
stress and allows for low-risk crop cultivation. Areas in the study
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cannot grow crops past 90 days without natural rain. LGP varies
greatly among studied stations; carefully manage crops for best output.

Rainy days varied from 67 to 110 across three regions and 11
stations during the growing season from 1981 to 2021 and ranged
from 8.1% to 25.1%. Rainfall varied widely during plant cultivation,
with 14-122 rainy days in the region. Adami Tullu, Dhera, Matahara
and Melka Werer experienced over 20% variability in rainy days.
63.6% of locations showed no significant upward trend in LGP over
40 years. 36.4% of locations had fewer rainy days and LGP increases
(0.02-0.61 per season) and rainy day decreases (0.032-0.74 per
season) were observed in studied regions. LGP decreased, rainy days
increased.

Across the studied sites, during the past forty years, the onset,
length of the growing season and number of rainy days varied
markedly. In the CRV floor region, the onset, LGP and the number of
rainy days are more variable than in the other two regions. This could
be explained by high inter-annual variability in the onset and cessation
dates in the main rain season, which predisposes the LGP to high
inter-annual variability. At all studied sites, the probability of a dry
spell exceeding 5, 7, 10 or 15 days is less than 40% after the first
dekadal of June. This probability drops to under 20% at the start of the
peak season (June, July and August), but gradually rises to 40% at the
onset of 245 DOY in all stations for dry spells lasting 5, 7 and 10.

The studied climatic parameters and features suggested that the
patterns could be difficult to understand and consequently, decisions
on planting dates and related activities were being made in the face of
high risk because of the high variability and trend of climate elements.
As a result, crop production and performance in the studied locations
are greatly impacted by rainfall and temperature variability. Therefore,
the regions must adopt adaptive mechanisms like cultivating early-
maturing sorghum varieties and other crops with a short time of
maturity, as well as moisture conservation techniques including
rainwater harvesting for supplementary irrigation.
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