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A B S T R A C T

From October 2020 to early 2023, Eastern Africa experienced five consecutive failed (SPEI -2.6) rainy seasons,
resulting in the worst drought in 40 years. This led to harvest failures, livestock losses, water scarcity, and
conflicts, leaving approximately 4.35 million people in need of humanitarian aid. To understand the role of
human-induced climate change in the drought, we analysed rainfall trends and the combined effect of rainfall
deficit with high temperatures in the Southern Horn of Africa covering parts of southern Ethiopia, southern
Somalia, and eastern Kenya. We employed various climate models and observations to assess changes in 24-
month rainfall (2021–2022), and seasonal rainfall; both the (March-April-May, MAM) ‘long rains’ and
(October-November-December, OND) ‘short rains’ in 2022. We also contextualised the event in terms of
vulnerability and exposure to understand how these elements influenced the magnitude of the impacts. Our
analysis shows that anthropogenic influence on the combined effects of low rainfall and high evapotranspiration
caused by higher temperatures made the drought exceptional, leading to major crop and pasture losses and water
shortages. Our results also show a decline in rainfall during MAM and an upward trend during OND, which is
attributable to climate change. Despite the wetting trend in OND season, the drought years concluded with
successive La Niña conditions, typically linked with below-average rainfall in the region during that season. We
do not find a trend in the 24-month precipitation. The assessment on vulnerability and exposure highlights the
need for enhanced preparedness of government drought management systems and international aid infrastruc-
ture for future severe and prolonged droughts. The study’s findings, combined with climate projections that
indicate increased heavy precipitation in the region, underscore the pressing necessity for robust adaptation
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strategies that can address both wet and dry extremes. The impacts of climate change in Eastern Africa neces-
sitate investments in adaptive measures and resilience building that can evolve with emerging climate signals.

1. Introduction

The catastrophic impacts of the recurrent droughts in East Africa
continue to worsen. Extended dry conditions punctuated by short
intense rainfall events have become commonplace in the region (OCHA,
2023a; Kimutai et al., 2022). The shifts in extreme weather events have
substantially increased vulnerability and lowered the adaptive capacity
of both human and environmental systems in the region. Eastern Africa
experiences two distinct rainy seasons, known as the long rains
(occurring from March to May; hereafter MAM) and the short rains
(from October to December; hereafter OND), which have significant
effects on both the environment and society. In particular, East Africa
has experienced an increased frequency of droughts in the MAM season
over the past few decades Nicholson (2017); Hoell and Funk (2014) and
Funk et al. (2018) linked the drying trend in the period 1981–2016 to
intensification of the Indian Ocean branch of the Walker Circulation
associated with anomalous warming of north-western Pacific attribut-
able to human influence (Liebmann et al., 2014). related the MAM
1979–2012 drying trend to increased subsidence over the descending
branch of the Indian Ocean Walker cell induced by strong upper-level
easterlies as a result of human-induced high zonal SST gradient be-
tween Indonesia and the central Pacific. Lott et al. (2013) found a role of
human influence on enhanced probability of rainfall deficit in MAM
2011. Marthews et al. (2015) and Uhe et al. (2018) however, found no
anthropogenic influence on the drought events of MAM 2014; OND
2016 respectively, but could not rule out an influence on surface air
temperature and net incoming radiation. Kew et al. (2021) pointed out
that determining whether climate change exacerbates droughts in the
region depends on which methods are used to calculate water demand as
a function of moisture availability and evaporative demand.
The below-average rainfall in the OND 2022 season made it the fifth

consecutive failed season since OND 2020. The drought in the 5
consecutive seasons was the worst in 40 years (FAO, 2022; WMO, n.d.).
La Niña is known to exert substantial influence on OND rainfall in East
Africa and has been associated with most recent intense drought events
(e.g., 2010–2011; Lott et al., 2013, 2016; Uhe et al., 2018). Furthermore,
co-occurrence of La Niña with a negative phase of the Indian Ocean
Dipole (IOD) has been found to exacerbate drought conditions (Schubert
et al., 2016). The IOD phase was negative in the most part of 2021 and
2022 (BOM, 2022). Across the region, drought and high food prices
weakened many people’s ability to grow crops, raise livestock and buy
food. The persistent drought conditions led to substantial harvest failure
and poor pasture conditions mainly due to decreased surface water
availability (WFP, 2022a). Over the period, there was an increased risk
of disease, malnutrition, and hunger, which fuelled resource-based
conflict and migration (MPI, 2023). Food insecurity and conflict over
scarce resources pushed people to migrate to other places within the
region (UNHCR, 2023c). At least 180,000 refugees from Somalia and
South Sudan crossed into the drought-stricken areas of Kenya and
Ethiopia (UNHCR, 2023a).
In Kenya, the government declared a drought emergency in

September 2021 (WFP, 2022b.). The drought situation remained critical
(alert and alarm drought phases) in 20 of the 23 Arid and Semi-Arid
counties until December 2022, when the number of people in need of
humanitarian assistance stood at 4.35 million (NDMA, 2022a). Cases of
acute malnutrition were reported among 942,000 children aged 6–59
months and 134,000 pregnant or lactating women (UNFPA, 2022). The
number of livestock deaths rose to over 2.4 million. These animals are an
essential source of livelihood for pastoral communities. By January

2023, close to 9210 metric tonnes of food commodities had been
distributed and USD 7.29 million cash-based transfers made (OCHA,
2023d). In early 2023, the government appropriated a further Ksh. 4
billion (approx. USD 30 million) to the nation’s drought alleviation
programme (Kenya Govt, 2023). Irrespective of the reported rains in
most parts of the country by the last Dekad of March (KMD, 2023), the
drought conditions did not recover quickly enough to see improvements
in food security by mid-2023. In Ethiopia and Somalia, more than 1.7
million people migrated (UNHCR, 2023a) with at least 60,000 school
dropouts reported in Ethiopia. By December 2022, up to 7.1 million
people in Somalia were at risk of acute malnutrition and in need of ur-
gent humanitarian aid (OCHA, 2023c). More than 1 million people had
moved from their homes, a situation that was exacerbated by concurrent
conflicts and disease outbreaks.
In this study, we investigate the role of climate change in influencing

the intensity and frequency of the 2021–2022 drought in East Africa.
Given that previous studies of rainfall deficits have not been conclusive
in this region, with some alluding to the influence of other physical
factors on drought, we study the hazard using both the basic precipi-
tation deficit and the Standardised Precipitation-Evapotranspiration
Index (SPEI). SPEI accounts for the influence of temperature on
drought through evapotranspiration in relation to precipitation — a
simple water balance. Moreover, we explore the vulnerability and
exposure context surrounding the findings of the hazard analysis. In
doing so, we highlight possible causes behind the observed impacts,
which in turn can inform strategies to prevent or mitigate future im-
pacts, in light of the ongoing climate change. The paper is structured
into two parts. Part I (section 1- 3) focuses on analysing the hazard
(drought) while part II (section 4) contextualises the event in terms of
vulnerability and exposure.

2. Data and methods

2.1. Observational data

We utilise three observational datasets; Global Unified Daily Gridded
data (CPC; Chen et al., 2008), Climate Hazards Group InfraRed Precip-
itation with Station data (CHIRPS; Funk et al., 2015b and Centennial
Trends (CenTrends; Funk et al., 2015a,b) CPC is a gridded product from
NOAA PSL available at 0.5◦ × 0.5◦ resolution for the period 1979-pre-
sent. This source has both rainfall and mean temperature; therefore,
we use this as the primary dataset for this study. CHIRPS and CenTrends
are state-of-the-art gridded datasets developed by the UC Santa Barbara
Climate Hazards Group. CHIRPS is available on a daily timescale for the
period 1981–present while CenTrends is a monthly dataset covering
1900–2014. CenTrends and CHIRPS are based on a similar assimilation
technique and underlying observational data. The two datasets are
highly correlated, with correlations of over 0.95 in the study region
during the overlapping period (1981–2014). We therefore extend the
CenTrends dataset from 1900 to 2014 with monthly averaged data from
CHIRPS from 2015 onward; this dataset is henceforth referred to as the
CenTrends-CHIRPS dataset. Time series of precipitation from five sta-
tions within the study region were used to evaluate the gridded data
products — by comparing the station data with the equivalent time se-
ries from the closest cell in the gridded dataset. The three datasets were
found to reliably replicate the station time series. Refer to Supplemen-
tary Material Figs. S1 and S2 for maps of the locations of the selected
stations and comparison plots, respectively.
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2.2. Event definition

Given that the meteorological drivers of the long and short rains
differ, it is useful to distinguish between the climate change signals in
the two rainfall seasons for 2021 & 2022 in addition to those in the
multi-year drought. This will help to understand the contributions of the
individual rainfall seasons to the multi-year drought. Consequently, we
choose four temporal definitions: (i) 24-month precipitation (ii) Sea-
sonal average rainfall in MAM; (iii) Seasonal average rainfall in OND
rains; and (iv) 2-year Standardised Precipitation Evapotranspiration
Index (SPEI). We defined a study domain (Fig. 1; hereafter, EA- 6◦S-
15◦N, 32.5◦E-52.5◦E) which encompasses the region over which high
agro-pastoral impacts (crop harvest losses and drying pasturelands)
were reported (Paul, 2022). EA is also fairly homogeneous, both in terms
of elevation and climate (see Supplementary Material Fig. S3) but with
distinct long and short rain seasons (see Supplementary Material
Fig. S4). The region is characterised by arid and semi-arid climates. We
obtain SPEI (potential climatic water balance) using rainfall and Po-
tential Evapotranspiration (PET) estimates. Changes in PET i.e., the
evaporative demand by the atmosphere, due to regional warming are
known to exacerbate droughts in different global regions (e.g., (Arias
et al., 2023; Schumacher et al., 2022). It is also expected to increase in
the future (Dai, 2013; Greve et al., 2019) as increased radiative forcing
from anthropogenic Greenhouse Gas (GHG) increases surface net radi-
ation by inhibiting longwave cooling and increasing vapour pressure
deficit as the atmosphere warms (Scheff and Frierson, 2014; Wang et al.,
2020). In water-stressed regions, PET is often greater than actual
evapotranspiration as the latter is limited by lack of moisture in the soils.
Therefore, for areas where latent heat fluxes are or will become limited
by moisture supply, PET is expected to increase more than actual
evapotranspiration (Jung et al., 2010).
The choice of the PET estimation method in calculating any drought

index is subjective but is also limited by the availability of meteoro-
logical data and the climatic conditions of the region (Tabari and
Aghajanloo, 2012; Trajkovic et al., 2020; Zhao and Ma, 2021). Several
studies (Beguería et al., 2014; Dai, 2011; Sheffield et al., 2012; Van Der
Schrier et al., 2011) have compared and evaluated the effect of using
different PET equations in the calculation of drought indices. While most
of these studies recommend methods that factor radiative and aero-
dynamic processes (e.g, FAO Penman–Monteith; Allen et al., 1998) to
those that consider temperature as the main input (e.g., Thornthwaite;
Thornthwaite, 1948, Hargreaves-Samani; Hargreaves and Samani,
1985; Baier-Robertson; Baier and Robertson, 1965) those methods
commonly require several climatic parameters that are often unavai-
lable in developing countries, especially in remote arid and semi-arid
regions. Sheffield et al. (2012) argues that application of
radiation-based methods in data-sparse regions often result in unreliable
estimates due to uncertainties and errors in the input data or the cali-
bration period (e.g., Van der Schrier et al., 2011; Dai, 2011). A notable
limitation is that radiation-based methods tend to overestimate PET in
humid regions while temperature-based methods underestimate PET in
drylands (e.g, Amatya et al., 1995; Droogers and Allen, 2002; Jensen
et al., 1990; Xu and Singh, 2002). For SPEI calculation in this analysis,
we do not consider radiation-based methods due to data constraints.
Notwithstanding, we evaluated the sensitivity of SPEI to three

temperature-based (Hargreaves-Samani, Baier-Robertson and
Thornthwaite) and one radiation-based (Penman–Monteith) PET
methods using two distinct datasets. Due to the absence of temperature
data in CenTrends-CHIRPS, ERA5 (ECMWF1 Reanalysis 5th Generation)
data is used in the sensitivity analysis. ERA5 dataset is available on the
grid size of 0.75 × 0.75 from the 1979 onwards (Hersbach et al., 2020).
For the Penman–Monteith method, we utilized pre-calculated ERA5
PET, while for the other methods, PET was derived using maximum and

minimum temperature data. As expected, we found relatively higher
SPEI trends in Thornthwaite-based estimates compared to Hargreaves,
Baier-Robertson and Penman–Monteith (see Supplementary Material
Fig. S5) since the Thornthwaite method uses only temperature data
which tends to overestimate PET with increasing temperatures (Ven-
kataraman et al., 2016). Although ERA5 PET is calculated using the
Penman–Monteith method, which accounts for radiative and aero-
dynamic processes, we still found similar SPEI trends when compared to
the temperature-based estimates. Notwithstanding, Thornthwaite is
known to underestimate PET in arid and semiarid regions (Xu and Singh,
2002). The difference in trends is higher for CPC than ERA5. Notably,
the Hargreaves-Samani and Baier-Robertson estimations incorporate
extra-terrestrial radiation data which has been found to be unreliable in
areas with complex terrain or varying meteorological conditions (Feng
et al., 2018; G. Li et al., 2017; S. Li et al., 2016; Lujano et al., 2023;
Zhang et al., 2020). For instance, they tend to overestimate PET under
high relative humidity and underestimate at high wind speed conditions
(Almorox et al., 2015; Xu and Singh, 2002; Zhao and Ma, 2021). And
like the radiation-based approaches, they have been shown to over-
estimate PET in humid regions, for example in south-eastern US (Lu
et al., 2005) and Serbia (Trajkovic, 2007).
Consequently, in this analysis, we opt to use the Thornthwaite-based

PET based on the CPC dataset (see section 2.2 for a detailed description)
for the computation of the SPEI index and its associated trends. By uti-
lising the Thornthwaite method, the study makes a careful and contex-
tually relevant selection that accounts for the unique climatic conditions
and data constraints of the study region. The consistency in SPEI trends
further justifies our choice. We also confirm that the mean downwelling
surface radiation over 2021–2022 was sufficient to evaporate the
amount of water used as input in the PET estimation (not shown). The
implications of this methodological choice on results are discussed in the
results section. Fig. 1 shows the drought classification maps for the EA
region based on the 24-month (Jan 2021–Dec 2022), and the 3-month
(MAM and OND, 2022) SPEI. SPEI is standardised with respect to
1980–2010 climatology. The colour scheme reflects the US Drought
Monitor drought classifications (D0 - abnormally dry, D1 - moderate,
D2 - severe, D3 - extreme, and D4 - exceptional). Evidently, the two-year
drought event was exceptional across a significant portion of the study
region, with conditions ranging frommoderate to exceptional during the
two seasons (SPEI -2.6).

2.3. Model and experiment descriptions

We use four multi-model ensembles from climate modelling experi-
ments using very different framings (Philip et al., 2020): Sea Surface
temperature (SST) driven global circulation high resolution models,
coupled global circulation models and regional climate models. The
model descriptions are provided as follows.

● Coordinated Regional Climate Downscaling Experiment (CORDEX)-
Africa (0.44◦ resolution, AFR-44) multi-model ensemble (Nikulin
et al., 2012, 2018) comprising of 29 simulations resulting from
combinations of 12 Global Climate Models (GCMs) and 8 Regional
Climate Models (RCMs). These simulations are composed of histor-
ical simulations up to 2005 and extended to the year 2 100 using the
RCP8.5 scenario.

● Coordinated Regional Climate Downscaling Experiment (CORDEX)-
Africa (0.22◦ resolution, AFR-22) multi-model ensemble (Gutowski
et al., 2016; Giorgi et al., 2021) comprising 10 simulations resulting
from combinations of 5 GCMs and 4 RCMs. These simulations are
composed of historical simulations up to 2005 and extended to the
year 2 100 using the RCP8.5 scenario.

● The FLOR (Vecchi et al., 2014) and AM2.5C360 (Chan et al., 2021;
Yang et al., 2021) climate models are developed at Geophysical Fluid
Dynamics Laboratory (GFDL). The FLOR model is an
atmosphere-ocean coupled GCM with a resolution of 50 km for land1 European Centre for Medium-Range Weather Forecasts.
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and atmosphere and 1◦ for ocean and ice. Ten ensemble simulations
from FLOR are utilized, which cover the period 1860 to 2 100 and
include both the historical and RCP4.5 experiments driven by tran-
sient radiative forcings from CMIP5 (Taylor et al., 2012). The
AM2.5C360 is an atmospheric GCM based on that in the FLORmodel
(Delworth et al., 2012; Vecchi et al., 2014) with a horizontal reso-
lution of 25 km. Three ensemble simulations of the Atmospheric
Model Intercomparison Project (AMIP) experiment (1871–2050) are
analysed. These simulations are initialised from three different
pre-industrial conditions but forced by the same SSTs from HadISST1
(Rayner et al., 2003) after groupwise adjustments (Chan et al., 2021)
over 1871–2020. SSTs between 2021 and 2050 are using the FLOR
RCP4.5 experiment 10-ensemble mean values after bias correction.
Radiative forcings are using historical values over 1871–2014 and
RCP4.5 values after that.

● HighResMIP SST-forced model ensemble (Haarsma et al., 2016) 11
simulations of which span from 1950 to 2050. The SST and sea ice
forcings for the period 1950–2014 are obtained from the 0.25◦ ×

0.25◦ Hadley Centre Global Sea Ice and Sea Surface Temperature
dataset that have undergone area-weighted regridding to match the
climate model resolution.

2.4. Model evaluation

We evaluated the climate models against the observations in their
ability to capture the seasonal cycles, spatial patterns, and the param-
eters of the fitted models. For the seasonal cycle, we qualitatively
compare the model outputs against observations-based plots. We discard
the models that fail to capture the bimodal seasonal cycle and/or exhibit
ill-defined peaks in their seasonal cycles. We also discard the model if
the rainy season onset/cessation varies significantly from the observa-
tions. For spatial patterns, models that do not match the observations in
terms of the large-scale precipitation patterns are excluded. For model
parameters, we exclude any model whose parameter ranges do not
overlap with those derived from observations. For distributions that
scale with GMST (such as the precipitation-based indices in this study)
we evaluate the dispersion parameter, while for those that shift with
GMST (in this case, SPEI) we assess the variance parameter (Philip et al.,
2020). Based on their performance across these three criteria, models
are categorised as ’good,’ ’reasonable,’ or ’bad.’ Per framing or model

setup, we also use models that only just pass the evaluation tests if we
only have five models or less for that framing that perform well. Due to
limitations in observed evapotranspiration products (discussed in Sec-
tion 2.2), we do not evaluate the models for effective precipitation.
Instead, for the SPEI attribution analysis we choose those models that
pass the evaluation for both precipitation and temperature. We present
model evaluation results in the Supplementary Material Tables S1–S5.

2.5. Statistical methods

The attribution analysis steps include: (i) trend calculation from
observations; (ii) model evaluation; (iii) multi-method multi-model
attribution and (iv) synthesis of the attribution statement. All analyses
follow World Weather Attribution (WWA) Protocol, described in Philip
et al. (2020), with supporting details found in (van Oldenborgh et al.,
2021; Ciavarella et al., 2021). As a measure of anthropogenic climate
change, we use the low-pass filtered 4-year smoothed global mean sur-
face temperature (GMST), where GMST is taken from the National
Aeronautics and Space Administration (NASA) Goddard Institute for
Space Science (GISS) surface temperature analysis (GISTEMP; (Hansen
et al., 2010; Lenssen et al., 2019). We calculate the return periods,
Probability Ratio (PR; the factor-change in the event’s probability) and
change in intensity (ΔI) of the event under study to compare the climate
of now and of the past. These are defined by the GMST values of now and
of the preindustrial period (1850–1900; based on the
(globalwarmingindex. To statistically model the event under study, we
use Gaussian distributions fitted to the base-10 logarithm of precipita-
tion – hereafter, log10(precip) – and to the 24-month cumulative PET.
For precipitation, the distribution is scaled with GMST (and, for OND
precipitation, with the detrended Niño3.4 index, as described in Section
2.5.2), while for PET the distribution is shifted with GMST.

2.5.1. Attribution analysis of 24-month rainfall and SPEI
As increased PET associated with regional warming is known to

amplify drought impacts (Haile et al., 2020; Nguvava et al., 2019),
especially in agriculture, through changes in soil moisture and evapo-
transpiration rates; we compute the trends and climate change signals in
the 24-month SPEI in addition to the 24-month rainfall. We supplement
the standard univariate analysis (WWA standard protocol) of the
24-month precipitation by considering joint changes in the 24-month

Fig. 1. Drought classifications based on Standardised Precipitation Evapotranspiration Index (SPEI), reflecting the drought severity from Jan 2021–Dec 2022 (left),
from March–May 2022 (middle), and from Oct–December 2022 (right) relative to the 1980–2010 climatology in the CPC dataset. The bold black outline highlights
the study region (EA). Drought classifications: D0 - abnormally dry, D1 - moderate, D2 - severe, D3 - extreme, and D4 – exceptional.
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precipitation and PET using copulas, following Zachariah et al., 2023;
Zscheischler and Lehner, 2022. The steps are outlined as follows.

(i) We fit Gaussian distributions that scale and shift with GMST to
the base-10 logarithm of observed 24-month precipitation (X)
and the PET (Y) time series, respectively:

X ∼ Normal(μX, σX, αX) and Y ∼ Normal(μY , σY ,αY).

(ii) We use the cumulative distribution functions (CDFs) of these two
distributions to compute the probabilities u and v of exceeding
the values observed at each time t, so that:

ut =P(X≤ xt) and vt =1 − P(Y≤ yt).

Note that since we are interested in the lower tails of the precipita-
tion distribution and the upper tails of the PET distribution, the ex-
ceedance probabilities are given by the CDF of X and 1 - the CDF of Y.

(iii) The joint cumulative distribution function C is estimated from the
marginal exceedance probabilities u and v by fitting a stationary
Student’s-t copula such that:

C({u}, {v}) = P({U≤ u}, {V≤ v}) for all (u, v) pairs (Nelsen, 2006).

(iv) Contours can be plotted over the subset {u, v}⊂{U,V} and
therefore over the subset {x, y}⊂{X,Y} that share the same joint
exceedance probability p, where 1/p is the return period of the
event.

(v) The univariate distributions fitted in step (i) are used to transform
the (u,v) pairs to their equivalent return levels in the current
climate and in a 1.2 ◦C cooler climate (pre-industrial climate) in
order to obtain joint return period contours for the current and
pre-industrial climates.

2.5.2. Attribution analysis of rainfall
To account for potentially conflicting trends in the MAM and OND

rainfall due to regional warming and teleconnection patterns, we sup-
plement the standard WWA approach with additional analyses in an
effort to isolate the climate change signal from other confounding ef-
fects. OND rainfall in eastern Africa is influenced by phases of the El
Niño - Southern Oscillation (ENSO) (Amissah-Arthur et al., 2002; Lott
et al., 2013; Mutai and Ward., 2000.; L. A. Ogallo, 1993; L. J. Ogallo,
1988). As a measure of the ENSO, we use the relative Niño3.4 index
obtained by subtracting the Niño3.4 index (average SST over 5◦S–5◦N,
120◦–170◦ W) with the SSTs between 20◦S and 20◦N to adjust the index
for climate change (Van Oldenborgh et al., 2021). Since we are aver-
aging the index over a period of several months, the values are not
standardised per calendar month as in that paper. To disentangle the
effects of ENSO and GMST, the standard approach is amended to include
both relative Nino 3.4 (detrended using tropical SSTs and averaged over
OND) and GMST as covariates when fitting the distribution. Using CPC
and CenTrends-CHIRPS datasets, we therefore fit two linear regression
models; (i) log10(precip) which depends only on GMST and (ii) log10
(precip) which depends on both GMST and relative Niño3.4. So that

log 10 pr ∼ normal(μ, σ | μ0, σ0,α, β, T,N)

where T is the smoothed GMST, N is the Nino3.4 for OND, μ0 and σ0 are
the mean and variance parameters of the nonstationary distribution and
α, β are the trends due to GMST and Nino3.4, respectively. Maximum
likelihood estimation is used to estimate the model parameters, with

μ= μ0 exp
(

αT + βN
μo

)

and σ = σ0 exp
(

αT + βN
μo

)

.

This formulation is used to ensure that the distribution has fixed
dispersion. For attribution, the distribution is evaluated with N fixed at

the 2022 value in both the current and 1.2 ◦C cooler climate distribu-
tions, in order to obtain the change in likelihood and intensity of the
2022 OND low rainfall event due to climate change under the 2022 Nino
conditions. For MAM, we only fit log10(precip), which depends on
GMST.

3. Results and discussions

3.1. Observational analysis

3.1.1. MAM precipitation
Fig. 2 shows the trend-fitting results for MAM precipitation in CPC

and CenTrends-CHIRPS. Fig. 2a and c shows the log-transformed vari-
able as a function of the GMST anomaly, while Fig. 2b and d shows the
return period curves for the log-transformed variable in the 2022
climate (red lines) and 1.2 ◦C cooler climate (blue lines). While there is a
tendency towards decreasing rainfall with GMST rise in both datasets,
the trend is stronger in CPC. Similar trends are obtained when the
datasets are truncated to have the same length (see Supplementary
Material Fig. S7). The best estimates of the return period of the 2022
event are 11 and 6 years for CPC and CenTrends-CHIRPS, respectively.
We round these to an average of 10 years for the attribution analysis.
The 2022 MAM rainfall deficit is found to be 7 times (uncertainty: 0.2 to
3 600) and 2 times (uncertainty: 0.4 to 8) more likely in the 2022
climate, from the CPC and CenTrends-CHIRPS datasets, respectively.
The respective intensity changes are − 26% (uncertainty: 60%–25%) and
− 8% (uncertainty: 31%–17%), implying that the 2022 MAM rainy
season was drier due to climate change.

3.1.2. OND precipitation
In Section 2.5.2, we noted that the OND rainy season is known to be

affected by the ENSO. To test whether the detrended OND Niño3.4 index
should be included in the attribution analysis, we fit a simple linear
regression to the log-transformed precipitation: once using only GMST
as the explanatory variable (Model 1), and again including Niño3.4 as an
additional covariate (Model 2). The estimated coefficients for each
model are shown in Table 1, with those coefficients that were found to
be statistically significant at the 5% level bolded and marked with an
asterisk. In Model 1, the trend in GMST was not found to be statistically
significant in either dataset; in Model 2, when the effect of Niño3.4 was
taken into account, a stronger linear trend in GMST was identified. The
linear relationship between Niño3.4 and OND precipitation was found to
be statistically significant in both datasets, and the inclusion of the effect
also revealed a statistically significant trend in GMST in the CenTrends-
CHIRPS dataset. Fig. 3 shows the fitted trends for each model; the
weaker trends in the GMST-only model are evident. The difference in the
models is possibly due to confounding effects of ENSO on the GMST
trend: in particular, the occurrence of three consecutive La-Niña years at
the end of the time series masks the underlying GMST trend to some
extent.
We therefore decided to include the effect of OND Niño3.4 as a co-

variate in the statistical model used in the attribution analysis for OND
precipitation. In order to focus on the change in GMST, we fix the
Niño3.4 covariate at the 2022 level and only report the effect of
increasing GMST on OND precipitation levels. Fig. 4 shows trend-fitting
results for OND precipitation, conditioned on the 2022 OND Niño3.4
(see Section 2.5.2 for details). Both datasets provide evidence of an
increasing trend in the observations of OND precipitation in this region
(Fig. 4a and c). Similar results are obtained when the datasets are
truncated to have the same length (see Supplementary Material Fig. S7).
The return period of the 2022 event in the current climate is estimated at
7 and 3 years in the CPC and CenTrends-CHIRPS datasets, respectively
(right-hand panels in Fig. 4), which are averaged to 5 years for the
attribution analysis. The best estimates for the PR are less than 1 in both
datasets, with PR = 0.3 (uncertainty: 0.06 to 2) in CPC and PR = 0.5
(uncertainty: 0.2 to 1) in CenTrends-CHIRPS, suggesting that drought in
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the short rain season has been made less likely due to climate change but
without statistical significance. The intensity changes also suggest that
OND precipitation has increased by around 39% (CPC, uncertainty:
17%–121%) and 30% (CenTrends-CHIRPS, uncertainty: 3%–70%).

3.1.3. 24-Month precipitation and SPEI
Fig. 5 shows the trends for the mean 24-month precipitation over the

study region. The CPC dataset shows a decreasing trend (Fig. 5a) while
in the CenTrends-CHIRPS dataset the trend slightly increases (Fig. 5c).
While these results are based on different data lengths of these datasets
(44 years of CPC and 122 years of CenTrends-CHIRPS), equal lengths of
data show the same results (see Supplementary Material Fig. S7). The
difference between the two datasets could partly be explained by
opposed trends MAM (increase) and OND (decrease) rainfall (see Figs. 2
and 4); with CPC showing stronger decreasing trends in OND. Fig. 5b

and d shows the return period curves for the variable in the current 2022
climate and a hypothetical 1.2 ◦C cooler climate. The best estimate of the
return period for the 24-month low precipitation event ending in 2022 is
found to be roughly 20 years in both datasets. The event is found to have
been made 2 times more likely (uncertainty: 0.1 to 360) and 7% drier
(uncertainty: 31% drier to 21% wetter) by climate change in the CPC
dataset (Fig. 5b). The results based on CenTrends-CHIRPS dataset
(Fig. 5d), on the other hand, show the meteorological drought to have
become less likely (PR = 0.7 uncertainty: 0.1 to 5) and 3% wetter (un-
certainty: 12% drier to 19%wetter). It is noted that the uncertainties are
high around these estimates and that the uncertainties from the two
datasets overlap.
Fig. 6 shows trend-fitting analysis for SPEI using the CPC dataset;

SPEI cannot be computed for CHIRPS-CenTrends, which does not pro-
vide temperature data. The 2022 observed SPEI value in the CPC dataset
is − 2.6, corresponding to an exceptional drought; the return period of
this event in the current climate is about 10 years. The climate change
signal is much stronger, with the event made 5 500 times (uncertainty:
32 to 4e+08) more likely and made more severe by 2.4 SPEI units
(uncertainty: 4.7 to − 1.2); in other words, in this model a 1-in-10 year
drought event in a world without climate change would be expected to
have an SPEI of 0.3 (uncertainty: 1.4 to 2.1), corresponding to normal
conditions with respect to the 1980–2010 climatology or, in the worst
case, a drought classification of D0 (abnormally dry conditions).
Fig. 7 shows the joint distribution of the 24-month precipitation and

Fig. 2. Left: Response of MAM rainfall (log-transformed) to change in GMST, based on the CPC (a) and CenTrends-CHIRPS (c) datasets. The thick black line denotes
the time-varying mean, and the blue lines show 6- and 40-year return levels. The vertical black lines show the 95% confidence interval for the location parameter, for
the 2022 climate and the hypothetical, 1.2 ◦C cooler climate. The 2022 observation is highlighted with the magenta box. Right: Gaussian return periods of log-
transformed rainfall for the 2022 climate (red lines with 95% CI) and a 1.2 ◦C cooler climate (blue lines with 95% CI) for CPC (b) and CenTrends-CHIRPS (d) datasets.

Table 1
Fitted coefficients from linear models of log10precip with GMST only (Model 1)
as covariate and both GMST and Niño3.4 as covariates (Model 2) for the short
rains. Significant coefficients at 5% level are marked with * and highlighted in
bold.

Dataset Model 1: GMST only Model 2: GMST & Nino

CPC 0.1704 0.3253 & 0.1878*
CenTrends-CHIRPS 0.2439 0.3107* & 0.189*
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PET, along with the corresponding SPEI drought classification for each
pair of values. The joint contours show that the probability of this
particular combination of precipitation and PET in any given year in the
2022 climate is 1 in 26. The plot also highlights how unlikely the event
would have been to occur in a 1.2 ◦C cooler climate, with the magenta
point marking the 2022 event lying very far from the dashed contours
representing the joint distribution in a cooler climate.

3.2. Hazard synthesis: multi-method multi-model attribution

For models that pass the evaluation test (see section 2.4), we calcu-
late Probability Ratios (PR) and change in intensity (ΔI) for 24-month,
2022 MAM and OND rainfall, and 24-month SPEI. See Supplementary
Material Tables S5–S7 for the results. In this section, we synthesise PR
and ΔI results for the selected climate models along with observations-
based products to obtain an overarching attribution statement.
Figs. 8a–11a show bars for the changes in probability (left-hand side)
and intensity (right-hand side) for the observations (blue) and models
(red) in the 2022 climate versus a 1.2 ◦C cooler climate representing the
pre-industrial world. Figs. 8b–11b show the changes in the 2022 climate
versus a future climate 0.8 ◦C warmer than 2022 (2 ◦C warmer than the
pre-industrial climate). The best estimate for each dataset is marked
with a black triangle.
In this synthesis, we first add a representation error (in quadrature)

to the observations to account for the difference between observation-
based datasets that cannot be explained by natural variability. This is
shown in these Figures as white boxes around the light blue bars. The

dark blue bar shows the average over the observation-based products.
Next, a term to account for inter-model spread is added (in quadrature)
to the natural variability of the models. This is shown in the Figures as
white boxes around the light red bars. The dark red bar shows the model
average, consisting of a weighted mean using the (uncorrelated) un-
certainties due to natural variability. Observation-based products and
models are combined into a single result in two ways. Firstly, we neglect
common model uncertainties beyond the inter-model spread that is
depicted by the model average and compute the weighted average of
models (dark red bar) and observations (dark blue bar) — this result is
shown by the magenta bar. To account for the fact that, due to common
model uncertainties, model uncertainty can be larger than the inter-
model spread, we also show the more conservative estimate of an un-
weighted direct average of the observations (dark red bar) and models
(dark blue bar) contributing 50% each, indicated by the white box
around the magenta bar in the synthesis Figures.
The model results largely replicate those in the observations, namely

showing an increase in the likelihood and intensity of a 1 in 10-year dry
event for MAM, a decrease in the likelihood and intensity of a 1 in 5-year
dry event for the OND, no change for the 1 in 20-year dry event in the 24
months rainfall and strong increase in the likelihood and intensity for
SPEI. While a small number of individual models show different
changes, leading to large uncertainties and statistically insignificant
results, on average the models and observations show very similar
changes, quantitatively and qualitatively. These results can be sum-
marised as roughly a doubling in likelihood for the low MAM rains
(Fig. 8a; left) with about 11% less rainfall (Fig. 8a; right), although the

Fig. 3. Comparison between fitted models for OND rainfall using only GMST as a covariate and using both GMST and the detrended Niño3.4 index as covariates. Left:
Linear trend as a function of GMST only (solid black and blue lines) and as a function of GMST with the detrended Niño3.4 (dotted black and blue lines) index fixed at
the 2022 value based on the CPC (a) and CenTrends-CHIRPS (c) datasets. Right: Gaussian return levels of log-transformed rainfall for the 2022 climate (red lines) and
a 1.2 ◦C cooler climate (blue lines) based on the CPC (b) and CenTrends-CHIRPS (d) datasets. Solid lines indicate return levels for the standard model depending only
on GMST; dashed lines show return levels depending on GMST and the detrended Niño3.4 index, with Niño3.4 fixed at the 2022 level. Observed points and con-
fidence intervals are not shown to avoid obscuring the comparison between the estimated return levels.
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uncertainty ranges encompass no change. For the OND, when using the
NINO3.4-index as an additional covariate as described in section 3.1.2,
the likelihood of low rains decreased by about a factor of five (Fig. 9a;
left) and rainfall intensity increased by approximately 25 % (Fig. 9a;
right).
The 24-month SPEI, combining the effects of precipitation changes

and temperature-driven evapotranspiration, shows a very strong in-
crease in the likelihood and intensity of the 1 in 20-year drought event
(Fig. 11). As is often the case with temperature-related indices (Van
Oldenborgh et al., 2022) the increase in likelihood and intensity in the
observations is much larger than in the models, rendering the syn-
thesised results, which show an increase in likelihood of a factor of about
100, conservative (Fig. 11a). Due to the likely sensitivity of the SPEI to
both the choice and length of dataset and the method used to compute
the PET, we carried out a sensitivity analysis to understand the likely
impact on the results presented here (see Supplementary Material
Fig. S5). Due to the absence of temperature data in CenTrends-CHIRPS,
we were unable to compute PET for this dataset; instead, we compared
the results for CPC with the same analysis for the ERA5 dataset. For
ERA5, we used both pre-calculated (based on Penman–Monteith) and
calculated (based on Thornthwaite, Hargreaves and Baier-Robertson)
PET estimates. Plots of the fitted return levels and decomposition of
the 24-month SPEI into the contributions from PET and precipitation,

and drought classifications are provided in Supplementary Material
Figs. S8 and S9. Thornthwaite classified the drought as exceptional
(drought class D4) in the current climate and normal (not in a drought
class) in 1.2 ◦C cooler climate in both datasets. Based on the CPC dataset,
the 2021–2022 SPEI was classified as exceptional (drought class D4) in
both the 2022 and 1.2 ◦C cooler climates when using both
Baier-Robertson and Hargreaves, but with a higher severity in 2022. In
ERA5, the event was classified as moderate (drought class D1) in 1.2 ◦C
cooler climate and exceptional (drought class D4) in 2022 when using
Baier-Robertson, while Hargreaves deemed it severe (drought class D3)
in the past and exceptional (drought class D4) in the present. As ex-
pected, the differences between the methods and datasets influence the
drought classification through the varied data inputs and climatic con-
ditions in the PET estimates (refer to section 2.2 for details). However,
even with ERA5 PET, which is based on the Penman–Monteith method
that accounts for radiative and aerodynamic processes, we observed
similar SPEI trends compared to the temperature-based estimates.
Overall, both datasets show an increased tendency towards severe
drought conditions with rising GMST, regardless of the PET estimation
method used. These results are corroborated when looking at the same
event definitions in the future— in a 0.8 ◦C warmer climate (Fig. 11b),
although the projected changes are much smaller compared with the
changes from the past up to now. This could be partly due to the future

Fig. 4. Left: Response of OND rainfall (log-transformed) to change in global mean temperature, based on the CPC (a) and CenTrends-CHIRPS (c) datasets. The thick
black line denotes the time-varying mean, and the blue lines show 6- and 40-year return levels. The vertical black lines show the 95% confidence interval for the
location parameter, for the 2022 climate and the hypothetical, 1.2 ◦C cooler climate. The 2022 observation is highlighted with the magenta box. Right: Gaussian
return periods of log-transformed rainfall for the 2022 climate (red lines) and the 1.2 ◦C cooler climate (blue lines) in the CPC (b) and CenTrends-CHIRPS (d)
datasets, with 95% confidence intervals shown by fainter lines of the same colours.
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wetting trend in the region indicated by models (Rowell et al., 2016).
Combining lines of evidence from the synthesis results of the past
climate, results from future projections and physical knowledge, we
conclude that the drought severity has increased dramatically because of
human-induced climate change. This is primarily driven by the strong
increase in temperature and thus PET, but there is also evidence that this
is augmented by drying of the long rains.

4. Context of the event

While the changing frequency and intensity of droughts discussed in
Section 3.2 are important factors in the impacts described in Section 1,
these impacts occur through the confluence of hazard with vulnerability
and exposure factors (IPCC, 2012; Raju et al., 2022; Thalheimer, 2023).
Having a holistic understanding of vulnerability and exposure can avoid
blaming climate for all disasters and can help reduce maladaptation that
comes from reinforcing existing inequities (Eriksen et al., 2021; Otto and
Raju, 2023). Here, we present the historical context for the current
drought, then provide the larger drivers of vulnerability followed by
drought management and response practices. Finally, bringing together
the vulnerability and exposure factors with the findings of the attribu-
tion study, we offer a vulnerability analysis that aims to provide tools for
reducing future drought impacts, and future research directions.

4.1. Chronic drought exposure

The Horn of Africa (HoA) experiences recurring drought conditions
that have been hypothesised to be connected to climate change (Funk,
2020; Funk et al., 2019). The disaster database, (EM-DAT) summarises
the impacts of various natural hazards from 1964 onwards, and records
17–18 drought events for the countries in the study region (see Table 2)
– a likely underestimate given known gaps in the data, and one that does
not account for drought years prior to 1964 (EM-DAT).
The length of the current drought – five consecutive seasons of

below-average rainfall – is unprecedented in the reliable rainfall record,
which extends back to 1950 (Climate Hazards Center, 2023). The
consecutive nature of these failed rainy seasons drove the high level of
impacts experienced, as most people may be able to deal with one or two
failed seasons, but more than that stretches their resources and tests
their ability to cope. For example, warnings of possible famine in So-
malia after several failed rainy seasons were given and, while the official
threshold for Famine declaration (IPC Phase 5) has been avoided with
increased government and humanitarian aid, there has been excess
mortality associated with hunger and acute malnutrition occurring
concurrently with disease outbreaks (FEWS NET, 2022). Significant
interannual and seasonal variability in rainfall in the region has also
created back-to-back cycles of flooding and drought that negatively af-
fects coping capacity (Nicholson, 2016, 2017; Palmer et al., 2023). The

Fig. 5. Left: Response of 24-month rainfall (log-transformed and averaged over the study region) to change in global mean temperature, based on the CPC (a) and
CenTrends-CHIRPS (c) datasets. The thick black line denotes the time-varying mean, and the blue lines show 1 standard deviation (s.d) and 2 s d below. The vertical
black lines show the 95% confidence interval for the location parameter in the 2022 climate and the hypothetical 1.2 ◦C cooler climate. The average 24-month
rainfall from Jan 2021–Dec 2022 is highlighted with the magenta box. Right: Gaussian-based return periods of log-transformed rainfall for the 2022 climate (red
lines) and the 1.2 ◦C cooler climate (blue lines with 95% CI), based on CPC (b) and CenTrends-CHIRPS (d) datasets.
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March to May 2020 season directly before the beginning of this drought
was exceptionally wet and resulted in floods that killed hundreds of
people and displaced hundreds of thousands. The current drought is also
driving internal displacement, which can increase pre-existing and
structural vulnerability, especially of women to gender-based violence,
and health risks associated with crowded camps (FEWS NET, 2023).

Other compounding factors, including locust outbreaks in 2019–2022
that reduced crop yields, rising global food prices, COVID-19 and the
government response all provide a backdrop against which the drought
occurred (Thalheimer, 2023).

4.2. Drivers of vulnerability and exposure

4.2.1. Environmental degradation and land-use changes
Over the past decades several factors including environmental

degradation, unsustainable land-use practices and harvesting, the
overexploitation of grazing land and other pastoral activities, and
deforestation, have impacted ecosystems and increased vulnerability of
local communities (Prieto-Garcia et al., 2022; Tache, 2013). Several
indigenous plants have been declining, including the Yeheb plant, a
small tree endemic to the drylands of Ethiopia and Somalia which
contains high nutritional and economic value (Prieto-Garcia et al.,
2022). The importance of smallholder farmers, pastoralists, ranchers,
and local communities to effectively use their own land remains greatly
undervalued, and remains marginalised due to inadequate legislative
protection, urbanisation, and private investments promoted by the
government (Tache, 2013; Tura, 2018). Insecure land rights are exac-
erbated by the unprecedented acquisition of land by international agro
businesses (World Bank, 2013). In Ethiopia, a large number of foreign
investors are leasing millions of hectares with licences for commercial
farms (Graham et al., 2009; Tache, 2013). Across the Maasai land,
pastoral land has been lost, often gradually, with smaller amounts of
land being taken by wealthier herders or transferred to outsiders who
seek title-deeds as collateral for loans or long-term investments
(Homewood et al., 2009; Rutten, 1992; Tache, 2013). Furthermore, the
development of hydropower plants is known to drive land dispossession,
such as in Ethiopia during the development of the Gibe III dam
(Schapper et al., 2020). The loss of access to traditional grazing lands
and water sources has had devastating effects on pastoralist commu-
nities, who rely on mobility and flexibility to manage their herds during
times of drought (Lwanga-Ntale and Owino, 2020). Lastly, the large
influx of refugees into Kenya over the years has increasingly stretched
the few resources available, contributing further to environmental
degradation (OCHA, 2023b).

Fig. 6. (a) Response of SPEI-24, computed from CPC mean 24-month precipitation and mean 24-month PET over the study region, to change in global mean
temperature. The thick black line denotes the time-varying mean, and the blue lines show 6- and 40-year return levels. The vertical black lines show the 95%
confidence interval for the location parameter, for the current climate and a hypothetical 1.2 ◦C cooler climate. The 2022 observation is highlighted with the magenta
box. (b) Gaussian-based return periods of log-transformed rainfall for the 2022 climate (red lines) and a 1.2 ◦C cooler climate (blue lines) with 95% CI, based on
CPC dataset.

Fig. 7. Joint distribution of 24-month precipitation and PET with corre-
sponding SPEI drought classification (CPC dataset). The solid contours indicate
return periods under the joint distribution in the current climate, while the
dashed contours indicate the same return periods in a 1.2 ◦C cooler climate. The
shaded contours represent different levels of drought severity. The magenta
point indicates the 2022 drought event in the 2022 climate, with this particular
combination of precipitation and PET having a joint return period of 26 years,
while the turquoise point shows an event of equivalent rarity in a 1.2 ◦C
cooler climate.
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4.2.2. Conflict and fragility
East Africa has a longstanding history of conflict and fragility directly

affected by socioeconomic and political drivers and indirectly by climate
variability (Owain andMaslin, 2018). Conflict and insecurity exacerbate

environmental and natural resource challenges (Krieger et al., 2020;
Thalheimer and Webersik, 2021; World Bank, 2020). Recurring extreme
wet and dry events across the region have also contributed to fragile
livelihood outcomes including internal displacement (Thalheimer et al.,

Fig. 8. (a) Synthesis of probability ratios (left) and intensity changes (%; right) when comparing the return period and magnitudes of the MAM rainfall over EA in the
current climate and a 1.2 ◦C cooler climate. (b) Same as (a) in the current climate and a future 0.8 ◦C warmer climate.
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2023). Drought and water insecurity have been linked to increased so-
cial competition in arid and semi-arid regions, especially for pasture and
water (Meier et al., 2007; Von Uexkull et al., 2016). Despite rapidly
growing empirical evidence on the links between climate and conflict
(Koubi, 2019; Von Uexkull & Buhaug, 2021), analytical challenges
remain in the detection and attribution of these links due to the multi-
causality of conflict and associated impacts (Buhaug et al., 2023). The
drought has internally displaced more than 1.4 million people since
2021, 1.1 of whom were displaced over the course of 2022 (UNHCR,
2023b).
Conflict and fragility conditions in the presence of weather and

climate-related events vary across countries in the HoA region
(Thalheimer et al., 2021). Somalia faces one of the most complex chal-
lenges of any country in the world more than 30 years after the state
collapsed (Waaben Thulstrup et al., 2020). Civil war and the presence of
armed conflict groups hamper efforts of state-building and peace.

During the 2021-22 drought period many Somalis lost their livelihoods,
which led to soaring food prices and their coping capacities were
stretched too thinly to recover. Others crossed the border to seek help in
Kenya and Ethiopia, joining a large existing refugee population. Fig. 12
shows priority needs of drought and conflict-affected internally dis-
placed people (IDP) in Somalia from Jan 2016 to Dec 2022 - spikes in
‘Food’ needs can be seen in 2021 and 2022 in response to both conflict
and drought. Women and children make up over 80 percent of Somalia’s
drought-displaced population (Mason et al., 2012; UNHCR, 2023d)
these compound vulnerabilities have exacerbated protection risks and
pre-existing inequities (Thalheimer, 2023; Thalheimer et al., 2021a,b).

4.2.3. Social vulnerability
Socioeconomic deprivation increases exposure and vulnerability to

shocks such as the 2021-22 drought, it simultaneously decreases com-
munities’ abilities to invest in adaptation and risk reduction measures

Fig. 9. (a) Synthesis of probability ratios (left) and intensity changes (%; right) when comparing the return period and magnitudes of the OND rainfall over EA using
NINO3.4 as an additional covariate in the current climate and a 1.2 ◦C cooler climate. (b) Same as (a) in the current climate and a future 0.8 ◦C warmer climate.
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(Hill and Porter, 2017). The HoA region is home to a considerable
number of people facing chronic food and water insecurity, malnutri-
tion, and limited access to basic services including infrastructure, health
care, education, and social protection systems (OHCHR, 2020; Prieto--
Garcia et al., 2022; UNDP, 2022). The impacts differ by country
depending on local vulnerability and exposure factors, with Somalia’s
fragility particularly limiting people’s ability to meet basic needs,
driving displacement and increased mortality (FEWS NET, 2022).
Studies highlight malnutrition and an increase in incidence of risk of
diarrheal diseases such as cholera (Asmall et al., 2021), infant mortality
(WHO, 2023) menstrual and maternal complications (OCHA, 2023b)
during drought episodes in HoA. Roughly half the population in Somalia
and Ethiopia have limited access to energy (Our World in Data, 2022a;
2022b) with many rural communities across all three countries having
limited access to electricity (Getie, 2020; Njiru and Letema, 2018).
Households engaged in climate-sensitive livelihoods like rainfed agri-
culture, agropastoralism, and pastoralism are notably vulnerable to
drought and are among the most severely impacted (Bogale and Erena,
2022; Pape and Wollburg, 2019; Thomas et al., 2019; Yayeh Ayal et al.,
2022). The poorest in the community and elderly people, notably older
women, are disproportionately vulnerable (Omolo and Mafongoya,
2019). Evidence suggests that drought is the natural hazard most closely
associated with poverty (Shepherd et al., 2015). With the recurrent
extreme climate conditions experienced in recent years, households
have been forced to spend their limited assets on buffering losses and

damages, consequently pushing them into a poverty trap (Pape and
Wollburg, 2019; Sherwood, 2013; World Bank, 2019).

4.3. Drought management and response

4.3.1. Institutional capacity
The impacts of droughts can be mitigated by policies, coping stra-

tegies, early warning and early action. IGAD Climate Prediction and
Applications Centre (ICPAC) provides seasonal regional climate out-
looks. At the national level, each country in the region has a national
hydro meteorological agency. While the five failed seasons were well
forecasted and timely warnings issued (e.g. see ICPAC seasonal forecasts
and FEWSNET East Africa bulletins; KMD 2022), drought management
policy and coordination in the three affected countries differs signifi-
cantly, putting them at different starting points to respond. In HoA,
drought response generally happens at multiple levels. Ideally, national
governments and their devolved levels of jurisdiction would organise
the response led by different sectors and agencies. In situations where
national capacity is overwhelmed, humanitarian response mechanisms
are meant to fill the gaps. In reality, these lines can be less clear,
particularly in situations where there is already a significant humani-
tarian and development presence, as there is in the HoA at the time of
writing.
The Kenyan National Drought Management Authority (NDMA,

2016), is mandated to carry out activities related to drought risk

Fig. 10. (a) Synthesis of probability ratios (left) and intensity changes (%; right) when comparing the return period and magnitudes of the 24-month precipitation
from 2021 to 2022 over EA in the current climate and a 1.2 ◦C cooler climate. (b) Same as (a) in the current climate and a future 0.8 ◦C warmer climate.
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management in the country. The NDMA provides drought early warning
bulletins, develops drought management policies, and offers general
planning of programmes. Through NDMA’s strategic plan, the Kenyan
government has taken an integrated approach to drought risk manage-
ment in which NDMA coordinates drought interventions of the various
government institutions. Other initiatives have also been taken by HoA

countries to respond to the drought over the last few years. In Kenya, a
flash drought appeal launched by the government and humanitarian
organisations supported 1.7 million people between October 2021 and
late 2022, and the Kenyan Red Cross activated an early action protocol
in October 2022 to support at-risk farmers (IFRC, 2022).
In Somalia, the fragmented nature of drought management reflects a

Fig. 11. (a) Synthesis of probability ratios (left) and intensity changes (in SPEI units; right) when comparing the return period and magnitudes of the 24-month SPEI
over 2021–2022 for EA in the current climate and a 1.2 ◦C cooler climate. (b) Same as (a) in the current climate and a future 0.8 ◦C warmer climate.
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situation of chronic humanitarian needs and limited resources, reduced
institutional presence and capacity in certain areas. A national drought
plan was passed by the government in 2020 (UNCCD, 2020). The plan
was complemented by a drought “Impact & Needs Assessment’’ run in
2020 which notably studied cross-sectoral drought impacts and needs,
and in turn informed the country’s “Recovery and Resilience Frame-
work” which sets pathways for resilience building at various levels
(UNDP, 2020).
Ethiopia has a regional drought risk management mechanism in

which every region has a disaster response fund (Oxfam, 2022). Lessons
from the 2011 drought response led to the launch of a “Disaster Man-
agement and Food Security Agency’’ in 2013 (GFDRR, 2013).
Kenya and Somalia are covered by the African Risk Capacity, a

disaster risk insurance mechanism of the African Union that allows
humanitarian organisations to match funds with existing insurance
policies. In early 2023, Somalia received a payout of USD3.38 million
from this fund (Start Network, 2023).
Generally, there is limited academic research about the achieve-

ments and challenges of all these policies and insurance schemes, and
this will certainly warrant deeper investigation given the rise in hu-
manitarian operations. Notably, questions about the applicability of
current systems to multiple consecutive failed rainy seasons and the
effectiveness of policies in alleviating impacts on food security and
human health. Drought response plans in the three countries are
currently significantly underfunded compared to the needs estimated by
the humanitarian sector (see, Table 3; OCHA, 2023a; New Humanitar-
ian, 2022). Further research is also required to understand whether
government policies and humanitarian and development interventions
have avoided potential impacts, and to what extent these systems are
contributing to longer-term resilience or reliance.

4.3.2. Household coping strategies
Exposed to recurring weather and climate extremes, households

require coping strategies that are constructive rather than erosive, to
help them endure and adapt to drought by finding viable alternatives to
current socio-economic practices. Among the various categories of
coping strategies (e.g., Quandt, 2021) diversification and long-term
changes to livelihood have been considered highly constructive
(Levine et al, nd; Prieto-Garcia et al., 2022; Taye et al., 2019; Yayeh Ayal
et al., 2022). On the other hand, common coping activities among pas-
toralists are mobility and herd diversification (Lelamo et al., 2022),
which can be erosive if a new livelihood is not secured in the new
location, rendering people dependent on humanitarian assistance. This
is the case for most displaced persons in Somalia (ACAPS, 2022). Erosive
measures are often considered maladaptive as they entail strategies
which bring adverse impact on humans or the environment, exacerbate
risks, or are unsustainable in the long run (Ahmed et al., 2017). Further

Table 2
EM-DAT Drought events and associated impacts on populations (1900–2022).

Country Drought years Number
of events

Number
of deaths

Number of
people affected

Ethiopia 1965, 1969, 1973,
1983, 1987, 1989,
1997, 1998, 1999,
2003, 2005, 2008,
2009, 2010, 2011,
2015, 2021, 2022

18 402,367 108,041,879

Kenya 1965, 1971, 1979,
1983, 1991, 1994,
1996, 1999, 2004,
2005, 2008, 2010,
2011, 2014, 2016,
2019, 2020

17 196 59,300,000

Somalia 1964, 1969, 1974,
1980, 1983, 1987,
1988, 1999, 2004,
2005, 2008, 2010,
2011, 2014, 2015,
2019, 2020

17 39,673 29,019,124

Fig. 12. Priority needs of drought and conflict affected IDPs in Somalia from Jan 2016 to Dec 2022. Data: UNHCR, 2023.
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examples include burning and selling charcoal, selling or slaughtering
livestock, livestock off-take, children dropping out of school to support
the household, and reliance on food assistance (Lwanga-Ntale and
Owino, 2020; Quandt, 2021; Taye et al., 2019; Waaben Thulstrup et al.,
2020). The latter is common among agropastoralists in Somalia (ACAPS,
2022; Lelamo et al., 2022).
Risk perception is fundamental to engaging in coping activities

(Quandt, 2021). While experiences differ between pastoralists and
agropastoralists, there is evidence that climate risk perception has
improved over the past few decades (Abdullah and Mohamed, 2022;
Abrham and Mekuyie, 2022; Bogale and Erena, 2022; Habte et al.,
2022). With the erratic weather and the prolonged evolving and com-
pounding state of crisis in the region, it is challenging to find adequate
coping strategies, especially for marginalised groups with limited ca-
pacity. Barriers to undertaking coping strategies abound and include
limited finances, expertise, risk information, government support, ac-
cess to irrigation, shortage of land, labour, and finance; as well as con-
flict (Debela et al., 2019). The ability to translate one’s risk perception
into non-erosive action moreover depends on the economic, social, and
cultural capital households can leverage. Beyond drought risk knowl-
edge and information, undertaking coping activities notably requires
financial viability and social connectedness (Abdullah and Mohamed,
2022; Lwanga-Ntale and Owino, 2020; Ndiritu, 2021; Quandt, 2021).

4.3.3. Social protection
Kenya and Ethiopia have strong social protection systems which are

often regarded as flagship examples for the broader region. In Kenya,
this includes the Hunger Safety Net Programme (HSNP), the Older
Persons Cash Transfer (OPCT) programme, Cash Transfers for Orphans
and Vulnerable Children (OVC), and Persons with Severe Disability Cash
Transfer (PWSD-CT) programmes. HSNP, run by NDMA, aims to provide
financial security to, and reduce hunger of, the most vulnerable Ken-
yans, especially in the Arid and Semi-Arid Lands (ASAL) of Northern
Kenya (HSNP, 2023). As of June 2022, the HSNP’s reach includes 149,
000 households (NDMA, 2022b) and four counties collectively reaching
one million households across Kenya (FEWSNET, 2023). HSNP scales its
support to vulnerable households up or down depending on the severity
of droughts defined using the Vegetation Condition Index, with the
system designed to include 75% more vulnerable households in affected
areas (HSNP, 2023).
In 2005, Ethiopia launched Productive Safety Net Programme

(PSNP), a multi-billion-dollar program that enhances food and economic
security, while building resilience against crises. The PSNP provides
cash payments to able-bodied members in exchange for labour contri-
butions toward public works projects, and it provides direct payment for

six months of the year to more vulnerable households. Relative to non-
beneficiaries, PSNP recipients experienced 57 percent lower impacts of
drought on food security (Scognamillo and Mastrorillo, 2022) and pos-
itive resilience outcomes at a household level (Abay et al., 2022).
Notably, recipients were able to absorb drought shocks more quickly
(less than two years) and were 48% less likely to face crop failure
(Scognamillo and Mastrorillo, 2022). However, the ongoing conflict in
Ethiopia’s Tigray, Amhara and Afar regions have impacted the PSNPs
timelines and reach (New Humanitarian, 2022).
In Somalia, social safety net programs are predominantly delivered

via NGOs and local administrators with support from international
partners. Approaches include both conditional and unconditional cash
transfer programs as well public work programmes and school feeding
programs. In 2019, the Government of Somalia, UNICEF and the World
Bank jointly launched the Shock-Responsive Safety Net for Human
Capital Project (SNHCP), known as Baxnaano. The project incorporates a
short and long-term strategy that include unconditional cash transfers
(20USD per month), enhancing social safety net delivery systems and
institutional capacity building (WFP, 2021; World Bank, 2022). In 2020
the programme reached 1.2 million people across Somalia,
Based on historical events, the HSNP and the PSNP are critical

components in mitigating what could be worse impacts of the ongoing
drought. At the same time the drought severity and extent require
support beyond these systems. This signals a need to further scale the
systems geographic extent (especially in Kenya), while also under-
scoring the need for social protection and humanitarian systems to work
hand-in-hand during emergencies.

5. Summary and conclusions

Evaluation of the role of human influence on the severity of drought
induced by five consecutive failed rainfall seasons from 2020 until 2022
over a defined region in the Greater Horn of Africa was undertaken using
multi-method multi-model event-attribution approaches. The analysis
largely follows the standard World Weather Attribution protocol, sup-
plemented with additional analysis of the role of the detrended Nino3.4
index in rainfall trends, and decomposition of the trend in Standardised
Precipitation Evapotranspiration Index (SPEI) into contributions from
precipitation and PET. Climate models and observational datasets were
used to evaluate changes in 24-month (January 2021–December 2022)
average rainfall, 24-month (January 2021–December 2022) Stand-
ardised Precipitation Evapotranspiration Index (SPEI), and seasonal
average rainfall in both 2022 March-April-May and October-November-
December seasons. The study also examined the existing vulnerability
and exposure during the 2021–2022 drought to gain a broader under-
standing of the impacts.
Results show that in the climate of 2022, which has been warmed

about 1.2 ◦C by human-induced greenhouse gas emissions, the
2021–2022 drought was exceptional due to climate change. The 24-
month SPEI, combining the effects of precipitation changes and
temperature-driven evapotranspiration, shows a strong increase in the
likelihood of a drought of this severity, or equivalently, an increase in
the intensity of a 1-in-20-year drought event. Findings also show a trend
towards drying in the MAM and wettening over the OND. We do not find
a trend in the 24-month precipitation. The years of the drought also saw
consecutive La Niña conditions, known to be associated with below-
average rainfall in the OND rains. In a future scenario with a 2 ◦C
warmer world, drought conditions are still projected, though the
changes are expected to be much smaller compared to the shifts
observed from the past to the present. This may partly be due to the
projected wetting trend in the region, particularly during OND, as
indicated by models. Although these models are known to have signif-
icant biases in simulating East African climate, the wetting trends in
OND could suggest potential shifts in planting seasons, with substantial
implications for agriculture in the region.
The impacts of the 2021–2022 drought were (and still are) far-

Table 3
Status of Drought/Humanitarian Response plans funding(OCHA, 2023a; finan-
cial tracking service).

Country Kenya Ethiopia Somalia

Funded action USD 65.9 million USD 781.6 million USD 582.8 million
Requirements USD 451.8

million
USD 3 994.8
million

USD 2 599.2
million

Summary of
action
clusters

Education, Food
security and
livelihoods,
Health, Nutrition,
Protection,
Water, sanitation,
and hygiene

Camp Coordination
and Camp
Management,
Education, Food
security and
livelihoods, Health,
Logistics,
Nutrition,
Protection, Refugee
Response, Shelter
and NFIs, Water,
sanitation, and
hygiene

Agriculture, Camp
Coordination and
Camp
Management,
Camp Coordination
and Camp
Management,
Education, Food,
Health, Logistics,
Nutrition,
Protection,
Protection, Shelter
and NFIs, Water,
sanitation, and
hygiene

J. Kimutai et al. Weather and Climate Extremes 47 (2025) 100745 

16 



reaching; touching on aspects such as health, food security, livelihoods,
displacement, electricity infrastructure, security, and governance. Fac-
tors like disaster management and response functions, international aid,
livelihood type, socio-economic status, state fragility, and the length of
the drought played a key role in determining where and for whom im-
pacts were greatest. Given the anthropogenically induced drying trend
in rainfall, there are implications for both short-term drought manage-
ment and long-term adaptation. A focus on reduction of vulnerability
and exposure, approaches that are robust to both wet and dry extremes
and increasing the capacity of people to cope with these types of events
is needed to support short-term and long-term adaptation and resilience.
However, questions remain whether soft or hard adaptation limits have
been reached — while more and better designed drought response
measures may help decrease poverty and increase resilience to shocks
when they occur, certain crops, animals, and by extension livelihoods
may become increasingly difficult to sustain in the changing climate.
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Classes. https://doi.org/10.1016/j.jhydrol.2015.06.057.

Amatya, D.M., Skaggs, R.W., Gregory, J.D., 1995. Comparison of methods for estimating
REF-ET. J. Irrigat. Drain. Eng. 121 (6), 427–435. https://doi.org/10.1061/(ASCE)
0733-9437(1995)121:6(427.

Amissah-Arthur, A., Jagtap, S., Rosenzweig, C., 2002. Spatio-temporal effects of El Niño
events on rainfall and maize yield in Kenya. Int. J. Climatol. 22 (15), 1849–1860.
https://doi.org/10.1002/JOC.858.

Arias, C., Lino, G., Sánchez, E., Nogués, S., Serrat, X., 2023. Drought impact on the
morpho-physiological parameters of perennial rhizomatous grasses in the
mediterranean environment. Agriculture (Switzerland) 13 (6), 1233. https://doi.
org/10.3390/AGRICULTURE13061233/S1.
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2009. The role of the EU in land grabbing in Africa-CSO “advancing african
agriculture” (AAA): the impact of europe’s policies and practices on african
agriculture and food security. http://www.oilwatchafrica.org/sites/all/files
/enicongoreport.pdf.

Greve, P., Roderick, M., et al., 2019. The aridity index under global warming. & 2019,
undefined Iopscience.Iop.OrgP Greve. https://doi.org/10.1088/1748-9326/ab5046.
ML Roderick, AM Ukkola, Y WadaEnvironmental Research Letters, 2019•iopscience.
Iop.Org.

Haarsma, R.J., Roberts, M.J., Vidale, P.L., Catherine, A., Bellucci, A., Bao, Q., Chang, P.,
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Levine, S., Humphrey, A., Weingärtner, L., & Abdi, M. (n.d.). UNDERSTANDING THE
ROLE OF ANTICIPATORY ACTION IN SOMALIA. Retrieved October 31, 2023, from
www.anticipation-hub.org.

Li, G., Zhang, F., Jing, Y., Liu, Y., 2017. Response of Evapotranspiration to Changes in
Land Use and Land Cover and Climate in China during 2001–2013. Environment, G.
S.-S. of the T., & 2017, undefined. Elsevier. https://www.sciencedirect.com/scien
ce/article/pii/S0048969717309178?casa_token=2lYuqzbe8pkAAAAA:eTisxoq89
kVqVI2mneQvHoKDi79PLIhHNV0V83Cy19WC-jjFxLddZXozSYQGQv9I8n2e2QzEd
Qir.

Li, S., Kang, S., Zhang, L., Zhang, J., Du, T., 2016. Evaluation of Six Potential
Evapotranspiration Models for Estimating Crop Potential and Actual
Evapotranspiration in Arid Regions. Hydrology, L. T.-J. of, & 2016, undefined.
Elsevier. https://www.sciencedirect.com/science/article/pii/S0022169416306667?
casa_token=gE2NAsHbsGgAAAAA:BpibITPolh7NAeU9FMacnYetuAZ-dhnoyZ2XE
HMmoYJiEmb15y1gzqHU41EiADcmZx3vqUfktndy.

Liebmann, B., Hoerling, M.P., Funk, C., Bladé, I., Dole, R.M., Allured, D., Quan, X.,
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