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Rainfall seasonality and timing are key climatic features affecting crop yield in rainfed agriculture (RFA). We
evaluated the dynamics of temporal rainfall attributes — the strength of seasonality, the date of onset, cessation,
and duration of the rainy season — over RFA areas across Ethiopia for the period 1981-2010 and explored their
impacts on cereal crop production (including maize, teff, sorghum, wheat, barley, millet, oats and rice) between
1995 and 2010. First, we quantified the rainfall seasonality using an entropy-based seasonality index, defined the
onset and cessation dates of rainy seasons, computed the rainy season duration, and analyzed their interannual
variability and trends. Second, we correlated de-trended total cereal production during the Meher (i.e., long
rainy) season (April to September) with the anomalies of the temporal rainfall attributes, and we used a uni-
variate linear regression model to estimate the influence of changes in these attributes on crop production. We
show that RFA areas in northern Ethiopia are characterized by a highly seasonal and unimodal rainfall regime.
The southern parts of the RFA areas are characterized by less seasonal rainfall of bimodal and erratic nature.
Cereal crop production during the Meher season, especially in teff and maize-dominated regions, is found to be
correlated to both the onset (median p=-0.32 and -0.37, respectively) and duration (p=0.34 and 0.19) of the
rainy season in the unimodal rainfall regime, whereas it is correlated with the rainfall seasonality (p=0.21) in
regions with a bimodal rainfall. We estimate that on average over RFA areas, a late-onset and shorter rainy
season lead to ~1.5% and 1.1% crop production losses per pentad (5-day period), respectively.

1. Introduction

Rainfed agriculture (RFA) is based solely on green water (Falken-
mark, 2006; Wani et al., 2009). The productivity of the rainfed farming
system is determined by the temporal distribution of rainfall with
respect to the cropping period in a given hydrological year (Guhatha-
kurta and Saji, 2013; Hao et al., 2013) because this controls the amount
of water stored in the soil that is available for biomass production. In
RFA systems, farmers rely on their local knowledge of seasonal rainfall
timing to match the cropping season with the time window over which
rainfall provides adequate water to meet the water demand by the crop
(Radeny et al., 2019). However, this is successful only when rainfall has
a predictable temporal pattern, i.e. when the interannual variability at
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the start and end of the rainy season is low. The unpredictability of the
timing of seasonal rainfall undermines productivity in smallholder RFA
systems, particularly in sub-Saharan Africa, leading to food and liveli-
hood crises (Guan et al., 2015; Torres et al., 2019). Thus, understanding
the characteristics of seasonal rainfall concerning the growing season is
of vital importance for planning and decision-making in rainfed farming
systems (Guido et al., 2020; Victor et al., 1996).

In Ethiopia, about 95% of crop production is under smallholder
rainfed practice (FAOSTAT, 2018) and largely takes place during the
long rainy season called ‘Meher’ (April - September). Specifically, the
June - September rainy months (locally known as ‘Kiremt’) account for
65 — 95% of the annual rainfall total over large parts of the country
(Segele and Lamb, 2005). The arrival of Kiremt is preceded by the
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migration of the Intertropical Convergence Zone (ITCZ) (Hills, 1979)
that brings the short rainy season (March - May), locally called ‘Belg’
(Korecha and Barnston, 2007). The Kiremt rainfall variability arises
from its connection to the atmospheric circulation patterns at seasonal
and interannual scales (Segele et al., 2009a) with local effects connected
to topography (Dinku et al., 2008).

In light of its importance for agriculture, rainfall in Ethiopia has been
extensively studied in relation to the mechanisms of atmospheric
moisture transport to the region (Berhane and Zaitchik, 2014; Segele
et al., 2009b; Viste and Sorteberg, 2013; Williams et al., 2012), tele-
connections to large-scale oceanic and atmospheric phenomena (Cam-
berlin, 1997; Degefu et al., 2017; Diro et al., 2011a, 2011b; Gleixner
et al., 2017; Shanko and Camberlin, 1998), and the role of these tele-
connections for rainfall prediction and forecasting (Gissila et al., 2004;
Korecha and Barnston, 2007; MacLeod, 2018; Taye et al., 2021), as well
as for seasonal and interannual variability and trends (Alhamshry et al.,
2020; Cheung et al., 2008; Segele et al., 2015; Seleshi and Zanke, 2004).
In addition, extreme climatic conditions that can have catastrophic ef-
fects on RFA systems, such as droughts, were also extensively studied (e.
g., Funk et al., 2005; Philip et al., 2018; Temam et al., 2019; Viste et al.,
2013).

The temporal rainfall attributes, such as the strength of seasonality in
rainfall, the onset, cessation, and duration of the rainy season, are
extremely relevant for decision-making in the RFA system. Rainfall
seasonality is a measure of the spread in time of rainfall during the year
(Walsh and Lawler, 1981). It has been studied in various parts of the
globe to assess the responses of vegetation to the seasonal cycle of
rainfall (e.g., Borchert, 1998; Dubois et al., 2014; Potter et al., 2005;
Rohr et al., 2013; Souza et al., 2016; Suepa et al., 2016), and the impacts
of seasonal rainfall variability on agriculture (e.g., Ayanlade et al., 2018;
Guhathakurta and Saji, 2013; Sadiq, 2020). The onset and cessation of
the rainy season have been studied in different parts of the world, such
as in west Africa (e.g., Dodd and Jolliffe, 2001; Marteau et al., 2009;
Omotosho et al., 2000), South America (Gonzalez et al., 2007; Lieb-
mann and Marengo, 2001; Marengo et al., 2001), and south and east
Africa (Mugalavai et al., 2008; Raes et al., 2004). In Ethiopia, Segele and
Lamb (2005) defined the Kiremt onset and cessation, and assessed its
spatial variability across the country. Others explored the temporal
properties of rainfall in Ethiopia and assessed the changes in dry spells,
droughts and irrigation demand (e.g., Araya and Stroosnijder, 2011;
Kebede et al., 2017; Seleshi and Camberlin, 2006). These studies are
based on sparse station rainfall observation and thus, the findings are
limited to specific sites, or spatially interpolated. Alternatively,
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high-quality gridded rainfall datasets (e.g., remote sensing and rean-
alysis products) can provide consistent results in regional studies.

One critical aspect that has not yet been studied in depth is the
sensitivity of RFA to the temporal distribution of rainfall in Ethiopia.
Thus, in this work, we quantify the temporal rainfall attributes using the
Climate Hazards Group Infrared Precipitation with Station (CHIRPS)
rainfall (Funk et al., 2015) and explore how they affect cereal crop
production in the RFA areas of Ethiopia using national crop production
data. We aim to answer three specific research questions: (a) how does
the seasonality of rainfall vary in space across rainfed agricultural areas
in Ethiopia? (b) do the temporal rainfall attributes describing seasonal
rainfall exhibit trends in time, and (c) is crop production significantly
related to these attributes and their changes?

2. Study area and data

The study area covers the entire arable RFA area (Fig. 1a) of Ethiopia
(cropland covers 33% of the RFA area, elevation ranges between 340
and 4500 m.a.s.]) that was delineated by Kassawmar et al. (2019) by
reclassifying the biophysical factors (rainfall, temperature, altitude and
slope) and combining them with crop production data. The size of the
study area is about 667,000 km?, which is 59% of the total landmass of
Ethiopia and is inhabited by more than 90% of the total population
(CSA, 2007). The climate varies from arid on the eastside peripheral
areas, where the mean annual rainfall is as low as 270 mm, to humid in
the western and southwestern areas with mean annual rainfall up to
2100 mm (Fig. 1b). Mean annual temperature (Fig. 1c) generally in-
creases from the central and northern highlands towards the western
and northwestern lowlands and from eastern highlands to the south-
eastern lowlands, separated by the southwest-northeast oriented warm
Rift Valley corridor.

Daily rainfall data at a spatial resolution of 0.05" x 0.05" for the re-
gion were obtained from the CHIRPS dataset (Funk et al., 2015) for the
period 1981-2010. CHIRPS rainfall was evaluated in past studies across
East Africa (Dinku et al., 2018; Gebrechorkos et al., 2018) and for spe-
cific watersheds in Ethiopia (Bayissa et al., 2017; Gebremicael et al.,
2019; Musie et al., 2019), where it outperformed other gridded global
rainfall datasets. CHIRPS data were also compared with the rainfall at 65
ground stations in the study area and it was demonstrated that they
sufficiently match at pentadal (5-day accumulation) scale as shown in
Fig. 2. The comparison of CHIRPS and stations shows little bias and a
high correlation (p=0.86), with expected spread due to point versus grid
rainfall and estimation errors, and larger discrepancies at stations
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Fig. 1. (a) Map of Ethiopia and the RFA area (blue outline (Kassawmar et al., 2019)). (b) Climatic zones based on the FAO classification (FAO, 1986) of mean annual
CHIRPS rainfall (1981-2010). ARD = arid, SAR = semi-arid, SHM = sub-humid, MSH = moist sub-humid, HMD = humid. (c¢) Mean annual temperature (1981-2010)

based on the CFSR data (Saha et al., 2010).
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Fig. 2. Correlation coefficient (p) of CHIRPS grids versus ground station pen-
tadal (5-day accumulation) rainfall averaged for all 73 pentads of every cal-
endar year over the period 1998-2007 at 65 sites across the study area. The
inset shows the scatterplot of the gridded and station pentad rainfall with 65 x
73 data points. Pentads with zero mean rainfall are included in the analysis.

southeast of the rift valley. This is also observed in other gridded rainfall
datasets (Dinku et al., 2018).

The CHIRPS gridded data allows the classification of the RFA area
into several rainfall regimes (Fig. 3) based on the seasonal rainfall
pattern (unimodal or bimodal) and the FAO classification of climatic
zones (FAO, 1986). Regimes 1-3 (R1-R3) are characterized by a unim-
odal rainfall pattern while regimes 5-6 (R5-R6) have a bimodal pattern,
and regime 4 (R4) is considered as transitional (unimodal to bimodal).

We obtained the annual Meher crop production data from the annual
statistical bulletin (available at https://www.statsethiopia.gov.et/our-s
urvey-reports/) of the Central Statistical Agency (CSA) of Ethiopia.
The CSA conducts an annual post-harvest agricultural survey that
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involves more than 32,000 agricultural households across the country to
collect crop production data of all crop types that are produced in the
country, and summarizes the crop statistics at regional and zonal (sub-
regional administrative unit) scales (CSA, 2010). Cereals (maize, teff,
sorghum, wheat, barley, millet, oats and rice) are staple crops and ac-
count for about 87% of the total grain production in the country.

3. Methods

In the analyses of temporal rainfall patterns and their effects on crop
production, we first quantified the strength of rainfall seasonality using
the method introduced by Feng et al. (2013). The approach is based on
the concept of entropy (Cover and Thomas, 2005) and defines a sea-
sonality index based on two rainfall properties: annual rainfall and a
measure of monthly rainfall variability labeled as relative entropy. This
approach enables a spatial mapping of rainfall seasonality with respect
to a predefined reference location (e.g., location with maximum rain-
fall). Next, we defined the rainfall timing attributes, i.e. the onset and
cessation of the rainy season, from cumulative rainfall anomaly curves
(Dunning et al., 2016; Liebmann et al., 2012; Liebmann and Marengo,
2001). This well-established objective approach is particularly suitable
for analysis of rainfall timing at regional scales (Gonzdlez et al., 2007;
Hampf et al., 2020; Jiang et al., 2019; MacLeod, 2018; Zhang et al.,
2018). We then analyzed the variability and trends in all the temporal
rainfall attributes. Lastly, we examined the statistical relationships be-
tween these attributes and total cereal production using parametric
Pearson correlation and linear regression. Details of the methods are
presented in the following sections.

3.1. Determination of rainfall seasonality

We examined the rainfall seasonality over the RFA area at grid-scale
for the period 1981-2010 based on the method proposed by Feng et al.
(2013). They defined two rainfall seasonality metrics: the Relative
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Fig. 3. Rainfall regimes of the RFA area of Ethiopia as classified based on CHIRPS rainfall climatology of the period 1981-2010. Insets show examples of pentad (5-

day) mean rainfall at arbitrary locations for each regime.
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Entropy (RE) and the Dimensionless Seasonality Index (DSI). The rela-
tive entropy for a given calendar year k, REx, where in our analysis k
€ [1,30], is a measure of how different the actual rainfall distribution is
from the uniform distribution. It is computed for each grid point as RE;
= Zilpk_mlogg(pkm /), Where pgm = rem/Ri is the actual monthly
rainfall probability (ry n, is the rainfall in the month m of year k, and Ry is
annual total rainfall of year k), and g, = 1/12 is the theoretical monthly
rainfall probability of a non-seasonal (uniform) rainfall regime. Theo-
retically, RE, is zero when Ry is equally distributed over all months of
the year (i.e., when p, , =q, =1/12 for m € [1,12]) and attains a
maximum value when Ry is concentrated in a single month. The
dimensionless seasonality index for a given calendar year k is then
computed as DSIy = (Rk /Rmax)REx, where the scaling factor Ry,qy is the
maximum annual rainfall in the dataset, which in our study area is 2678
mm. A maximum value of DSIj corresponds to a rainfall regime with Ry
concentrated within a single month (maximum REj), whereas a zero
value of DSIy is due to either a completely dry year (Rx=0) or a uniformly
distributed Ry (REx=0).

3.2. Defining the onset and cessation of the rainy season

We defined the timing of the rainy season at grid-scale by the dates of
the onset and cessation of rainfall based on pentad (5-day) rainfall totals.
In the first step, we computed for each grid cell the climatological mean
rainfall P, of each pentad i of the calendar year as: P.; = (ZgglPi,k) /30,
(i € [1,73], i.e., 73 pentads in a calendar year), as well as the long-term
pentadal mean P = (3273, P,;)/73 from the 30-year rainfall record. In the
second step, we calculated the climatological cumulative rainfall
anomaly, C.(p) = >.F_; (P.; —P) with p € [1,73].

We used the same expression to compute the cumulative rainfall
anomaly for every calendar year k as a cumulative sum of the difference
between the pentadal rainfall of that year and P. In Fig. 4 we show an
example of cumulative anomaly curves constructed from a bimodal
rainfall regime (climatological and an example of a single year). The
long-term pentadal mean P at any grid cell is the threshold that de-
termines the onset and cessation pentad of the year, i.e., when P, is less
than P, the cumulative anomaly curve has a negative slope and vice
versa. The onset pentad is defined as the pentad after which the slope of
the curve changes from a persistent negative to a persistent positive (the
green dots in Fig. 4b). Likewise, the cessation pentad is the pentad after
which the slope changes from positive to negative (the red dots in
Fig. 4b). The duration of the rainy season is defined as the difference
between the date of the cessation and onset pentad.

We located the onset and cessation pentads by identifying the min-
imum and maximum of the anomaly curve for both unimodal (one onset
and cessation) and bimodal (two onsets and cessations) regimes. To
mask out local minima and maxima along the curve (e.g. blue curve in
Fig. 4b), we smoothed the curve (not shown in Fig. 4b) using the non-
parametric LOESS smoother (Cleveland, 1979). Locating the onset and
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cessation pentads in all rainfall regimes except Regime 4 is straightfor-
ward. Regime 4 is a transitional regime (see Fig. 3) where the rainfall
pattern lacks interannual consistency and the rainfall cumulative
anomaly curve has multiple peaks even after smoothing, which com-
plicates the location of the cessation pentad. In this case, we assumed the
last peak of the curve as the cessation pentad. Finally, we examined the
long-term trends of the temporal rainfall attributes (seasonality, onset,
cessation and duration) from the annual estimates. For this purpose, we
applied the non-parametric Mann-Kendall test (Kendall, 1975; Mann,
1945) to detect trends and estimate their statistical significance, and the
Sen slope estimator (Sen, 1968) to estimate the magnitude of the trends.

3.3. Correlation between temporal rainfall attributes and crop production

The temporal rainfall attributes obtained above were related to the
annual Total Cereal Production (TCP) during the Meher (April to
September) season in 45 zones (Fig. 5a) across the RFA area. To match
the spatial resolution of the TCP dataset with that of the CHIRPS rainfall
dataset, we disaggregated the zonal TCP in space down to the CHIRPS
grid (5 km x 5 km) using the Cropland Cover Fraction (CCF) map ob-
tained from the Copernicus Global Land Services (Buchhorn et al.,
2020). The annual CCF maps are available at 100 m x 100 m resolution
for the period 2015-2019. We averaged the CCF during the period
2017-2019 (2015-2016 were excluded as these were drought years) and
aggregated the data to a 5 km x 5 km grid (Fig. 5b), from which we
computed the cropland area in km? in every grid cell (i,j) as: Agjy) =
25(CCF;5) /100). The TCP of a grid cell (Fig. 5¢) that is located in zone
ne(l, 45| in the calendar year k € [1,16] was then calculated as:
nkTCP;; = "TCP("A;j / 3("Aij)), where the sum goes over all cells in
zone n. The temporal ranges of CCF (2017-2019) and TCP (1995-2010)
do not overlap and this could introduce uncertainties in the disaggre-
gation if cropland cover changes significantly over time. However, these
changes can be considered slow as they involve both degradation
(abandoned cropland) and expansion (Kassawmar et al., 2018) and thus,
the effects of these changes compensate when the CCF data is aggregated
from the fine to coarse resolution. The disaggregation process is illus-
trated in Fig. 5.

We observed a significant upward trend (on average at 6% yr ) in
the TCP dataset over the entire RFA area, which is primarily attributed
to non-climatic factors, including improvements in agricultural inputs
like access to fertilizer, seed, cultivation and harvesting technologies
(Gebeyehu, 2016; Shikur, 2020), and some expansion of the cultivated
areas (Taffesse et al., 2012). We de-trended the TCP data to remove
these effects, so that interannual variability in TCP can be more clearly
related to the temporal rainfall attributes only (Kukal and Irmak, 2018).
We then computed the Pearson correlation between the anomalies in the
temporal rainfall attributes and the de-trended TCP, after inspecting the
linearity of the predictor-response relationship, normality of the re-
siduals, and independence of the data. To understand the relationship
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Fig. 4. Example of cumulative anomaly curves for the bimodal rainfall regime: (a) Climatological pentadal rainfall at grid cell 8.07°N and 41.82°E and mean P. (b)
The corresponding climatological cumulative anomaly curve (black) and cumulative anomaly curve for the year 1981 (blue). The onset (green dots) and cessation
(red dots) pentads define the climatology of the two rainy seasons (light green areas) and their durations.
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Fig. 5. Spatial disaggregation of crop data: (a) zonal Meher total cereal production (averaged over 1995-2010), (b) cropland cover fraction (CCF) aggregated from

100 m x 100 m to 5 km x 5 km resolution, and (c) disaggregated gridded TCP.

between specific cereal crop production and changes in the temporal
rainfall attributes, we separately analyzed the correlation at 25 grid cells
across the RFA area where each of the four major cereal crops (maize,
teff, sorghum and wheat) dominates the total cereal production as
mapped in the Atlas of the Ethiopian Rural Socioeconomy (IFPRI and
CSA, 2006). Lastly, we estimated the magnitude of the effects of changes
in the temporal rainfall attributes on crop production by fitting a uni-
variate linear regression model with anomalies in the attributes as a
predictor and the de-trended TCP as a response variable.

4. Results and discussion
4.1. Rainfall seasonality and its dynamics

High rainfall seasonality is observed in the northern RFA area,
particularly in regimes R1, R2 and parts of R3, where RF and RE are
simultaneously intermediate to high (Fig. 6). However, the pattern of
DSI largely follows the pattern of RF indicating that the strength of
rainfall seasonality in these regions is mainly controlled by the annual
rainfall amount. In contrast, the southern part of the RFA area (R4-R6) is
characterized by low rainfall seasonality. The pattern of DSI predomi-
nantly follows the pattern of RE and thus, the strength of rainfall sea-
sonality in these areas is mainly controlled by the monthly distribution
of rainfall. For example, the southwestern area (R4 and lower part of R3)
where DSI is extremely low is characterized by short dry months (low
RE) and medium to high RF (sub-humid to humid climate), although the
effect of RF on seasonality is not visible in this region (Fig. 6).

The relevance of rainfall for rainfed crop production is determined
by its temporal distribution in reference to the cropping season (Mut-
saers, 1979; Yengoh et al., 2010). In this regard, the observed low

seasonality in R4 and parts of R3 in the southwest of the RFA area is
desirable because it allows effective exploitation of the high annual
rainfall for double-cropping, while the temporal distribution of rainfall
in the wet regions such as the middle and upper parts of R3 (Fig. 6a, c)
tends to limit double-cropping due to high seasonality, despite high
annual rainfall. Conversely, low seasonality is problematic in arid and
semi-arid climates such as R5 and R6 because low rainfall over an
extended period can constrain the relevance of the rainy season for crop
production. For example, the bimodal regime (low seasonality) in the
eastern semi-arid parts of the RFA area where the annual rainfall is less
than 600 mm is less efficient for crop production because the annual
rainfall is partitioned into two distinct seasons but with lower rainfall
amounts.

Considerable interannual variability in rainfall seasonality is
observed over large parts of the RFA area. The northeastern semi-arid
and sub-humid areas that include parts of R2 and R5 (Fig. 7a), show
an average coefficient of variation (CV) of 0.34, which is due to vari-
ability in RE (Fig. 7b) intensified by the small variability in the RF
(Fig. 7c). Similarly, the natural variability in the seasonality of rainfall is
high in R4 with a regional average CV of 0.38, and this variability is
purely attributed to the variability in RE. The western and northwestern
side (parts of R1 and R3) of the RFA area is characterized by stable
seasonality patterns, whereas R5, R6 and parts of R2 and R3 have
moderate variability in rainfall seasonality.

Parts of the RFA area experienced a significant increase in season-
ality (DSI, Fig. 7d) in the period 1981-2010. Specifically, R2 and R5
(area marked by the red rectangle) are found to have an increase in the
seasonality of 2% yr™! on average, as a result of the expanding number
of dry months (increase in RE, Fig. 7e) and an increase in annual rainfall
(Fig. 7f). Similar trends are also observed in parts of R4 and R5 in the

a) DSI [-]

015 025 035 045 055 065

b) RE [-]

c) RF [mm y'1]

300 900 1500 2100

Fig. 6. Maps of the rainfall seasonality metrics in the RFA area of Ethiopia: (a) mean dimensionless seasonality index (DSI), (b) mean relative entropy (RE), and (c)
mean annual rainfall (RF), computed for the period 1981-2010. The layer with dotted boundaries shows the rainfall regimes R1-R6 (see Fig. 3 for their detailed

representation).
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Fig. 7. Interannual variability and trends in rainfall seasonality metrics: (a-c) Coefficient of variation of the dimensionless seasonality index DSI, relative entropy RE,
and annual rainfall RF. (d-f) Trend slope in %/yr (shown by the light blue and light brown color schemes) and statistically significant trends (¢ = 0.05) in the metrics
in the period 1981-2010; dark blue color - positive trend, and dark brown - negative trend. The dotted lines represent the rainfall regimes (R1-R6).

southern sub-humid area (the green rectangle). Furthermore, the
increasing tendency of seasonality over the northwestern lowlands (R1)
is exclusively attributed to the positive trend in annual rainfall. On the
contrary, seasonality tends to significantly decrease across the belt of the
RFA area (Fig. 7d, blue dashed arrow) following the decreasing ten-
dency of RE. A significant decrease in DSI is observed over the dry
southeastern part (blue rectangle) of the RFA area because of the
decreasing trend in annual rainfall (Fig. 7f).

The observed changes of rainfall seasonality in time are related to
drought occurrences over the RFA area. Viste et al. (2013) investigated
droughts in Ethiopia over 40 years, including the period considered in
this analysis. They found a frequent Belg (March to May) drought with a
36% probability of occurrence over the northeastern semi-arid and
sub-humid areas (parts of R2 and R5), and a frequent Kiremt drought
with a 42% probability of occurrence over the southern humid and
sub-humid areas (parts of R4 and R5). Given that the increase in sea-
sonality in these regions is attributed to the combined effects of the
simultaneous increase in the annual rainfall and the number of dry
months, it can be concluded that an increase in seasonality expected
when the increase in rainfall occurs during the long rainy season (Kiremt
in the northeast and Belg in the south), and a decrease in rainfall occurs
during the short rainy season (Belg in the northeast and end of Kiremt in
the south). Therefore, the observed increase in the rainfall seasonality is
strongly related to rainfall deficit during Belg in the northeast, and
during Kiremt over the southern parts of the RFA areas. On the contrary,
a decrease in seasonality can occur due to a rainfall deficit mainly during
the Kiremt season. The Kiremt rainfall deficit over Ethiopia is largely
related to El Nino conditions (e.g., Diro et al., 2011b; Gleixner et al.,
2017; Korecha and Barnston, 2007; Segele and Lamb, 2005) and thus,
one can expect a systematic relation between El Nino conditions and
rainfall seasonality. From a simple comparison of the temporal patterns
of the mean annual NINO3.4 SST index and the median annual DSI
anomalies over the entire RFA grids, we found that rainfall seasonality
over the RFA areas is negatively correlated (p=-0.66) with the Equato-
rial Pacific sea surface temperature. This implies that a decrease in
rainfall seasonality is expected under El Nino conditions.

4.2. Rainfall onset, cessation and their dynamics

The climatological onset of the rainy season ranges from early March

to early September (Fig. 8a). The earlier onset is in R4 in the south and
southwest (dark blue areas) and rapidly propagates to later dates in R3.
The subsequent propagation of the onset follows northwestward from
R3 and advances slowly in the northeast direction across R1 and R2 until
it arrives at R5 in the northeastern and eastern peripheral areas (yellow
areas) in late June/early July. The later onset in the southern and
southeastern areas (light brown areas in R5 and R6) is related to the
onset of the short rainy season in autumn that ends in late November.

The climatological cessation of rainfall (Fig. 8b) generally follows
the reverse direction of the onset with early cessation during late
September in the northeastern semi-arid areas (dark green color). It first
progresses southward along R2 and R5 to the central part over about two
weeks and then propagates slowly southwestward until the end of
October, followed by the later episode of cessation of the short autumn
rainfall at the end of November. As a result, the duration of the main
rainy season (Fig. 8c) over the RFA area generally decreases from R4 in
the southwest (250 days) across R3 towards east and northeast where
the duration is as short as 80 days. The total rainfall enclosed by the
defined onset and cessation dates accounts on average for about 79% of
the annual rainfall across the RFA area (Fig. 8d).

Comparable findings were documented by Segele and Lamb (2005)
who followed a threshold-based approach using rainfall data from 121
ground weather stations to define the onset and cessation of Kiremt over
a similar study area. A significant discrepancy with this study lies in the
long rainy season in R5 along the eastern highlands (the dark blue strip
in Fig. 8a). In fact, the rainfall pattern over this region has a bimodal
tendency, but without distinct dry periods between the peaks. With the
approach we used for the definition of the onset and cessation, the
rainfall peaks are not detectable on the cumulative anomaly curve unless
the subsequent pentads are persistently drier than the long-term pen-
tadal mean, which is not the case in this region.

The progression of rainfall timing in space is associated with the
atmospheric flow pattern over the East African region. The earlier onset
in March across the southwest-east strip (see Fig. 8a) is triggered by the
northward migration of the ITCZ following the warming of the northern
hemisphere (Segele and Lamb, 2005). This is followed by a continuous
influx of moist air masses mainly from the Gulf of Guinea (Diro et al.,
2011a; Segele et al., 2009b; Viste and Sorteberg, 2013) that flow
northeastward, i.e. the same orientation of the onset progression, sup-
plying moisture to the region during the entire Kiremt. The moisture flux
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Fig. 8. Climatology of the average onset (a) and cessation (b) of the rainy season given by the mean date, length of the rainy season (c), and total rainfall during the
main rainy season (d) for the period 1981-2010. The blank part of the maps represents areas where the Kiremt rainfall is <25% of the annual rainfall and the duration
of the rainy season is <60 days. The dotted lines represent the rainfall regimes (R1-R6).
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lines represent the rainfall regimes (R1-R6).
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into the region is controlled by the equatorial Pacific sea surface tem-
perature anomalies (Diro et al., 2011b; Gleixner et al., 2017; Segele and
Lamb, 2005), with a retarding effect during El Nino conditions. As a
result, about 54% of the late-onset during the period 1981-2010
occurred under El Nino conditions. The southwestward retreat of Kir-
emt is triggered by the weakening of the westerly winds and the
southward movement of the ITCZ (Dunning et al., 2016; Segele and
Lamb, 2005). The latest cessation of the rainy season during late
November over the southwestern region (pink areas in Fig. 8b) is related
to the persistence of the ITCZ in the south.

Analyzing annual data, we observed high interannual variability in
the onset (median standard deviation of 4.13 pentads, Fig. 9a) and in the
duration (median standard deviation of 3.67 pentads, Fig. 9c) of the
rainy season, which are also well correlated (Pearson’s p=0.96). The
patterns of variability in onset and duration change in the opposite di-
rection with the pattern of rainfall seasonality (Section 4.1) with p=-0.6.
In other words, the onset date and duration of the rainy season is highly
variable in bimodal rainfall regimes (R5 and R6, parts of R2 and R4).
Furthermore, we found that the variability of rainy season duration
explains a substantial portion (p=0.66) of the variability in DSIL.

The cessation of the rainy season is more stable (median standard
deviation of 1.91 pentads, Fig. 9b) compared to the onset. This differ-
ence can be partially attributed to the topography of the RFA area that
influences the air mass flow (Dinku et al., 2008; Gissila et al., 2004)
during the onset of the rainy season. The extreme variability along the
southern and southeastern periphery (dark grey areas in Fig. 9a-c) is
related to instability of the onset in the strongly erratic and unpredict-
able rainfall areas.

Our findings on spatial variability are not in full agreement with the
findings of Segele and Lamb (2005) in terms of the pattern and magni-
tude of the variability in the onset of the rainy season. They found a
decrease in the standard deviation of the onset from northeast to
southwest regions with a lower average magnitude of approximately 3
pentads. However, the findings on variability in the cessation date agree
to a larger degree, both in terms of pattern and magnitude. The
discrepancy may be due to the methods used in defining the rainfall
onset, as well as the differences in interpolated ground station used by
Segele and Lamb (2005) versus the CHIRPS rainfall data that we used.

Regarding the long-term changes in the rainfall timing attributes
over the period 1981-2010, we found a significant trend of late-cessation
of the rainy season over large parts of the northeastern semi-arid areas
(green rectangle, Fig. 9e), western sub-humid lowlands in R3 (blue
rectangles), and certain parts in the central and eastern parts of the RFA
area. The trend towards late-cessation in the northeast (R2 and R5)
coincides with parts of the areas where a significant increase in sea-
sonality was detected (see Section 4.1). Additionally, few areas in this
particular region (red rectangle, Fig. 9d) have undergone significant
changes toward late-onset and shortening of the duration (Fig. 9f). These
three signals of change (late-onset, late-cessation and shortened dura-
tion) complement our earlier finding that the increase in seasonality in
this region is associated with the recurrent failure of the Belg rainfall
(Viste et al., 2013) and increased and (slightly shifted and shortened)
Kiremt rainfall.

The changes observed in the onset and duration of the rainy seasons
are in agreement with the farmers’ perception, particularly in the hot-
spot regions, such as the northeastern semi-arid areas in R2. In recent
assessments of farmers’ perception of local climate change at various
sites (the green dots in Fig. 9d), e.g., at Dura (Tesfahunegn et al., 2016),
Irob and Hawzen (Kahsay et al., 2019), and at Ziway (Habtemariam
et al, 2016), over 81% of the respondents reported a perceived
late-onset of the rainy season. Asrat and Simane (2018) show farmers’
perception in the Dabus area of shortening duration of the rainy season
(in agreement with our findings) and late-onset (contradicting our
findings). At Holeta (Habtemariam et al., 2016) and Adama (Hundera
et al., 2019), farmers perceive late-onset, while we found a tendency of
early-onset in these areas. Although the periods considered in these
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studies do not perfectly match with the period covered in our analysis,
the data indicate that the impacts of the changes detected in climatic
indicators are perceived at the farm level.

The trends in the temporal rainfall attributes, i.e., seasonality (sec-
tion 4.1), onset, cessation and duration of the rainy season during the
recent climate normal (1981-2010) is an indication of the impact of
climate change on the temporal distribution of rainfall in the study re-
gion. Given the importance of the temporal attributes of rainfall for
rainfed farming systems, these changes can have major impacts on crop
production as discussed in section 4.3. It is important also to note that
changes in the temporal rainfall attributes can intensify under future
climate (Dunning et al., 2018; Gaetani et al., 2020; Pascale et al., 2016),
which may have additional implications on the RFA systems.

4.3. Implications of rainfall seasonality and timing for crop production

Among the four temporal rainfall attributes (seasonality, onset,
cessation, and duration), the onset of the rainy season strongly de-
termines the Meher TCP (Fig. 10a). Late-onset (positive onset anomaly)
is accompanied by a decrease in TCP and vice versa. The effect of
cessation on TCP (Fig. 10b) is spatially inconsistent, although positive or
negative correlations are detected in specific areas. TCP is positively
correlated with the duration of the rainy season in many areas (Fig. 10c).
We also observed a weak positive correlation between TCP and sea-
sonality (median p=0.03 considering all regions, Fig. 10d).

The influence of the rainfall onset on TCP is more pronounced in
unimodal regimes, R1 and R3 (p=-0.40 and -0.38, respectively). The
negative correlation in R1 is associated with high rainfall seasonality
where the rainy season is confined between June and September. TCP in
both R1 and R3 are positively correlated with the duration of the rainy
season (p=0.28 and 0.19, respectively). However, the effect of season-
ality in these regimes is small and tends to be negative. Compared to R1
and R3, the correlation between TCP and onset is lower in R2 (p=-0.22),
where Kiremt is preceded by the short Belg rainfall. This may be related
to the soil moisture memory from the Belg season that can reduce crop
failure during germination before the Kiremt onset. The positive corre-
lation (p=0.19) with the duration is not manifested in DSI in R2.

TCP is weakly correlated with the rainfall onset and duration of the
rainy season in R4, R5 and R6 where rainfall is less seasonal. For
example, in R4, where there are only a few dry months, the most
important rainfall timing attribute is the rainfall cessation (p=0.17).
This is because Meher is the second production season after the main
Belg production (CSA, 2016), and thus late cessation is an advantage. In
the bimodal regimes R5 and R6, we found that seasonality is the most
determinant factor for TCP because it is positively correlated with DSI
(p=0.2, for both regimes), while the correlation with the other attributes
isrelatively weak. As discussed in section 4.1, overextended rainfall (less
seasonal) in regions with low rainfall such as R5 and R6 is not reliable
for crop production during the growing season. In line with the present
findings, Tesfaye and Seifu (2016) reported that the failure of rainfall to
support crop production is one of the effects of climate variability and
change perceived by farmers over the previous 10-15 years at Babile,
Fedis and Kersa sites in the eastern part of the RFA area (see the red dots
in Fig. 10d).

Next, we explored if the relationships between TCP and the temporal
rainfall attributes discussed above when considering the total cereal
production is different for specific crops. We found that the general
pattern of the correlation for specific crops follows the same direction as
that of the total cereal production, but the strength of the correlation
changes between crops (Fig. 11). Rainfall onset has a greater impact on
maize and teff (p=-0.37 and -0.32, respectively) compared to sorghum
and wheat (p=-0.19 for both). The influence of the duration of the rainy
season (Fig. 11c) is highest for teff (p=0.34) compared to the other
crops. A weak correlation is observed for DSI (Fig. 11d), with a negative
tendency for teff and maize versus a positive tendency for sorghum and
no correlation for wheat.
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a) Onset vs TCP anomalies

R1 R2 R3 R4 R5 R6

d) DSI vs TCP anomalies

\
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Fig. 10. Pearson correlation coefficient p for the relationship between the de-trended total cereal production (TCP) and (a) onset date anomaly (-ve/-+ve anomaly
corresponds to early/late), (b) cessation date anomaly, (c) rainy season duration anomaly, and (d) DSI anomaly. The red dots in (d) are site locations of a recent study
(Tesfaye and Seifu, 2016) where farmers’ perception of local climate changes were documented. The boxplots summarize the variability of the correlation in the six
rainfall regimes — regime 1 (R1) to regime 6 (R6) (see Fig. 3 for a detailed map). Correlations are computed for the period 1995-2010.
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Fig. 11. Pearson correlation (p) between the anomaly in production dominated
by specific crops and (a) onset anomaly, (b) cessation anomaly, (c) duration
anomaly, and (d) DSI anomaly. Boxplots represent the variability between 25
sampled sites in the domain. Correlations are computed for the period
1995-2010.

The strong sensitivity of teff to the onset of the rainy season is linked
to its high crop water requirement at the initial stage of growth (shortly
after sowing in July/August), with the FAO crop coefficient (K, ini) of
0.8 — 1, nearly 3 times that of sorghum and wheat (Araya et al., 2011;

Paff and Asseng, 2018). Teff productivity is also affected by water deficit
during the grain-filling stage (Mengistu and Mekonnen, 2012), which is
65-72 days after sowing (Araya et al., 2011). The high correlation of
maize production with the onset can be explained by the fact that the
length of the growing period of maize is about 180 days (Allen et al.,
1998) and its sowing in RFA systems starts in April before the onset of
rainfall (see Fig. 8a). Hence, the arrival of rainfall in April is critical for
the growth of maize during the early stage. Funk et al. (2003) also
documented that the April-May rainfall over large parts of Ethiopia
determines the subsequent Meher production, thus this can be the case
in maize-dominated regions.

The importance of the rainfall onset is not limited to the crop growth
period; pre-planting operations like tillage require optimal soil moisture
for the soil workability. In the context of the smallholder RFA systems in
Ethiopia, where tillage is an intense operation that is carried out using
draft animals, the timing of the operation follows the onset or pre-onset
of rain showers (Temesgen et al., 2008) when the soil is moist and
workable. Therefore, the late-onset of the rainy season delays the tillage
operation, which in turn delays the planting activities. The foreseeable
way to offset this impact is to improve the tillage power availability, e.g.,
switching from animal draft power to mechanical (tractor) power when
possible.

The impact of the rainy season onset on TCP is highly pronounced in
the western and northwestern parts of the RFA area (Fig. 12a) where the
rainfall is highly seasonal with a duration ranging from 100 days in the
north to 150 days in the lower northwest. The pattern of the impact is
similar for the duration but with a lower magnitude (Fig. 12b). The
eastward decrease in the magnitude of the changes arises from the fact
that crops take advantage of the soil moisture memory from the Belg
season in the areas where the rainfall has a bimodal tendency. On
average 1.5% reduction in TCP per unit pentad late-onset and a 1.1%
reduction in TCP per unit pentad shorter duration of the rainy season is
expected across the RFA area during the Meher production, but locally
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Fig. 12. Changes in the total cereal production in % per pentad of (a) onset anomaly and (b) duration anomaly, computed for the period 1995-2010. The histograms
present the distribution of the changes. fy s is the median of the % change in TCP per pentad. (c) Example of linear regression (LR) model performance for TCP vs
onset of all grid cell in which TCP is strongly correlated to the rainfall onset (p>0.75); the least-squares regression (LSR) line represents an average LR model for these

grid cells.

reductions of more than 10% TCP per unit pentad are possible.

The effects of early and late-onset of rainfall tend to differ in terms of
variability in the TCP anomaly (see Fig. 12c¢), which can affect the
performance of the linear regression model. This can be linked to the
asymmetry of farmers’ response to the early and late-onset events. For
our purpose, we consider the model performance to be sufficient
because it is intended to determine the average rates of changes and
spatial patterns of the sensitivity of rainfed crop production to vari-
ability and changes in the temporal rainfall attributes in the RFA area.
However, we recommend variable transformation in cases of strong
nonlinearity, if the use of linear regression models is intended for the
prediction of seasonal crop production.

Farmers often respond to a late-onset of the rainy season by adjusting
their planting/sowing schedule and thus, planting often takes place after
the arrival of the first rainy days (Marteau et al., 2011). The observed
reduction in TCP per pentad of late-onset is largely due to the inherent
decrease in the total rainfall during the season as a result of the
late-onset because the onset of the rainy season and the total rainfall in
season are negatively correlated (median p = -0.88). This implies that
farmers need to implement additional coping strategies, e.g., cultivation
of crop varieties that require less water, reducing non-productive rain-
water losses (Porkka et al., 2021; Rockstrom, 2003), such as evaporation
(mulching) and runoff outflow (runoff water harvesting), to offset the
effect of late-onset of the rainy season on rainfed crop production.

5. Conclusions

The temporal characteristics of rainfall dictate not only the seasonal
rainfall amount that is reliably available for crop production but also the
timing of the farming activities, including tillage and planting opera-
tions, which in turn affect crop production in the RFA system in
Ethiopia. In this study, we evaluated the variability and changes in the
temporal rainfall attributes — the rainfall seasonality, onset and cessation
dates, and duration of the rainy season — and assessed how these may
potentially affect cereal crop production.

We found that the northern RFA areas are characterized by high
rainfall seasonality, while in the southern RFA areas the rainfall sea-
sonality is less pronounced. The onset of the main rainy season starts in
the southern part in early March and advances in the northeast direction
until late June or early July, while the cessation dates follow the exact
opposite direction starting in late September and ending in the south-
west during late October. The northeastern semi-arid region is clima-
tologically unstable, as it undergoes substantial changes and interannual
variability in rainfall seasonality, timing and duration of the rainy sea-
son, and this is predominantly related to the frequent failure of Belg
(February - May) rainfall.

Cereal production during the Meher season is highly correlated to the
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onset and length of the rainy season in regions where the rainfall sea-
sonality is high. The highest (and negative) correlation between onset
and total cereal production is observed in maize (p=-0.37) and teff
(p=-0.32) dominated areas. The effects of late-onset and shorter dura-
tion of the rainy season on crop production are more pronounced in the
western part of the RFA areas where the rainfall has a unimodal pattern
and the effects are less evident in the eastern parts where the rainfall
pattern is bimodal. On average, a late-onset of the rainy season leads to
1.5% of rainfed cereal crop production loss per pentad, while a shorter
rainy season leads to 1.1% of production loss per pentad. The cessation
of the rainy season has less effect on crop production. In regions with a
bimodal rainfall regime, the Meher cereal production is positively
correlated to rainfall seasonality. This is particularly the case in the
eastern highland regions where the limited annual rainfall is distributed
over two shorter and agriculturally less relevant seasons.

With this analysis, we demonstrate that temporal rainfall attributes
in relation to rainfed agriculture can provide useful information for the
prediction of seasonal crop production. We expect that such information
can be useful for developing early warning systems, RFA system
vulnerability assessment, and for climate adaptation planning for sus-
tainable food production in Ethiopia. The methods used in this study can
be extended to other regions including other East African countries to
understand the response of crop production to the temporal properties of
rainfall. However, we advise against direct extrapolation and scaling of
the findings of this study for a different region because crop productivity
differs between regions depending on the existing agrometeorological
services, farming technologies and other factors that can support
farmers’ decision and actions to respond to weather and climate
variabilities.
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