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ARTICLE INFO ABSTRACT

Keywords: The Horn of Africa drylands (HAD) encompassing Kenya, Somalia, and Ethiopia, recently endured
Drought an unprecedented multi-year drought from 2020 to 2023, causing devastating impacts. This study
Impacts

investigates these impacts and the dynamics of human adaptation in response to the drought,
comparing it to earlier drought events (i.e., 2016-2018) to identify key lessons. First, drought
impact data—covering milk production, trekking distances to water sources, and internally dis-
placed persons (IDPs)—are analysed over time to provide a detailed overview of drought dy-
namics. Second, household survey data (n = 752) are used to examine community perceptions of
the drought period and their adaptation strategies. Finally, agent-based modeling (ABM) simu-
lations explore the interactions between mitigation, adaptation decisions, and drought impacts.
The results reveal that, on average, the 2020-2023 drought had more severe impacts than the
2016-2018 drought, although the latter exhibited greater variability in impacts. Communities
have adopted various adaptation measures to cope with drought effects; however, limited
knowledge and financial resources remain significant barriers to scaling these efforts. ABM
simulations indicate that enhancing extension services can boost the adoption of adaptation
strategies, leading to increased crop and milk production. Additionally, the simulations suggest
that water harvesting can mitigate drought impacts upstream, though it may reduce water
availability downstream. These findings highlight the critical need for sustained investments in
adaptation measures, timely and well-informed decision-making, and region-specific in-
terventions while carefully considering the trade-offs associated with these strategies.

Adaptation
Horn of Africa drylands
Agent-based modelling

1. Introduction

The Horn of Africa drylands (HAD), encompassing Kenya, Somalia, and Ethiopia, are among the world’s most drought-prone
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regions, with climate projections indicating an increase in both the frequency and severity of droughts due to global warming [1-3].
The recent multi-year drought from 2020 to 2023, marked by five consecutive failed rainy seasons, stands out as the most severe in
over four decades (WMO, 2022). This prolonged drought resulted in catastrophic impacts, including widespread crop failures, massive
livestock losses, famine, acute malnutrition, and displacement. Over 20 million people experienced acute food insecurity, and more
than 13 million livestock perished [4-6]. Compared to earlier severe droughts, such as those of 2010-2011 and 2016-2018, the
2020-2023 drought was not only more intense but also left deeper and longer-lasting socio-economic scars [7,8].

The unprecedented severity and duration of the 2020-2023 drought highlight the urgent need for a comprehensive understanding
of human-drought dynamics and the implementation of proactive, impact-based strategies. Evidence from past studies highlight that
drought impacts are not merely a function of meteorological conditions but are shaped by the interplay of hydrological, social, and
economic systems [7,9,10]. For instance, limited adaptive capacity, exacerbated by resource constraints and governance challenges,
has been shown to heighten the vulnerability of communities in drought-prone regions like the HAD [11-13]. Furthermore, projections
of intensified droughts due to global warming reinforce the need to prioritize proactive strategies such as water management in-
novations, and livelihood diversification strategies to reduce risks and enhance resilience [14-16].

Studying the evolution of this recent drought, its impacts, and the interventions employed provides an opportunity to draw critical
lessons for improving community resilience and preparedness. This study seeks to build on past knowledge to identify more effective
responses to future climate shocks. The insights gained can inform targeted, context-specific adaptation strategies for regions like the
HAD, where recurring droughts threaten livelihoods and exacerbate vulnerability [16]. This understanding is essential to mitigate the
impacts of increasingly severe droughts and enhance the region’s capacity to cope with the challenges posed by a changing climate.

Previous research on drought hazards in the HAD has predominantly focused on meteorological and agricultural aspects [17-20],
with limited focus on the socio-economic impacts of droughts and the effectiveness of adaptation responses ([21,22]; Osamu et al.,
2018). While some studies have examined drought propagation, the link between the drought hazard and impacts [23,24], and
drought impacts and adaptation ([22,25]; Osamu et al., 2018; [26,27]), few have incorporated on-the-ground impact data and
community survey insights as realistic inputs for modelling. Previous studies have explored the interactions between water systems
and human adaptation using system-dynamics models and agent-based models (ABMs) (e.g. Ref. [28-32]). While system-dynamics
models provide valuable insights, they often lack the ability to represent the heterogeneity of human behaviour—a key strength of
ABMs [33].

The IPCC describes risk in the context of climate change impacts as the combination of hazard, exposure and vulnerability [34]. In
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Fig. 1. The case study area (Upper Ewaso N’giro catchment, Kenya), including aridity zones [131], rivers, commercial export farms [46].
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the IPCC Sixth assessment report, they added the concept of risk from climate change responses. These risks can result from responses
not achieving the intended objectives or from trade-offs with other societal objectives [35]. In this paper we aim to provide a holistic
view on the drought risk in the HAD by building on the IPCC risk concepts, considering both the risk of impacts, as a combination of
hazard, exposure and vulnerability, and the risk from responses. Drought hazard is characterized using meteorological and hydro-
logical data to capture the intensity and duration of droughts.

The 2020-2023 drought presents a critical opportunity to advance this understanding by analyzing multi-season drought impacts,
which are expected to become more severe under climate change [36]. However, there remains a significant research gap in linking
observed drought impacts to mitigation and adaptation actions in a comprehensive and spatially detailed manner. Addressing this gap
between impacts and responses is essential for developing informed, actionable strategies for adaptive planning to enhance resilience
in drought-prone regions. Therefore, in this paper we draw lessons from the 2020-2023 drought period by comparing it to past drought
events, analysing community responses, and modelling various adaptation strategies in the HAD. Our goal is to get a better under-
standing of drought risks related to impacts and responses which can provide insights for future drought risk management in the
region. We end this study with a discussion of lessons learned for mitigation of drought-related challenges in the future.

2. Case study area

The HAD, including Upper Ewaso Ng’iro catchment in Kenya, faces a challenging climate with bimodal rainfall patterns primarily
in March-May (MAM) and October-December (OND), along with additional rains from June-September (JJAS) in northern Somalia
and parts of Ethiopia [37,38]. This rainfall is low (100-600 mm), erratic, and paired with high temperatures and potential evapo-
transpiration, creating harsh agricultural conditions [39,40].

Despite this, 80 % of the HAD population depends on agricultural livelihoods, including rangeland farming, pastoralism, agro-
pastoralism, and small-scale agriculture. Recent droughts (2020-2023, 2016-2018) exacerbated food insecurity and water scarcity in
regions such as southern and southeastern Ethiopia, Somalia, and northeastern Kenya [41-44].

Focusing on Kenya’s Upper Ewaso Ng’iro catchment for the ABM scenario analysis highlights these impacts. This area was selected
for a case study utilizing an ABM, as this catchment corresponds to the survey locations, representing drought-prone communities in
dryland regions. Furthermore, it was selected due to the availability of sufficient data for model calibration and validation. The model
is validated with household survey data to assess scenario-based outcomes i.e., water harvesting, milk production, seasonal migration.
Located in Laikipia, Isiolo, and Nyeri counties, on the leeward side of Mount Kenya and the Aberdares, the catchment supports a mix of
pastoral, agricultural, and conservation livelihoods, and commercial farms [45], the catchment mirrors broader regional challenges.
The commercial farms are primarily concentrated in sub-catchments 1, 2 and 3, with greenhouses spread throughout these areas and
sub-catchment 4 having open farms, i.e. wheat (Fig. 1). The downstream region (household survey sampling area) is mostly arid, with
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the local livelihoods heavily dependent on livestock herding [27,46]. Increasing land use pressures and population growth have
exacerbated water scarcity and conflicts [47]. The intensifying droughts in the catchment [45] and population growth, are likely to
worsen water scarcity, land-use pressures, potentially contributing to conflicts and migration [48], indicating how local environmental
stress reflects the larger HAD trends.

3. Data and methods

We apply a mixed-method approach to assess drought impacts, community responses, and agent-based model (ABM) scenario
outcomes, providing a comprehensive framework for understanding human-drought dynamics (Fig. 2). In our analysis we make use of
the IPCC definitions of climate change risk by looking both at risk of impacts and risk from responses [35]. First, we analyse impacts
with data that are the results of the combination of hazard, exposure and vulnerability. The impact datasets at administrative level 1
(Kenya and Somalia) and level 2 (Ethiopia) are normalized to create a cohesive drought impact dataset, enabling a comparison of the
2020-2023 drought with the historical 2016-2018 drought at the country level (Section 3.1). This comparison focuses on the evolution
of drought impacts over time, particularly severity and duration, which are critical for understanding vulnerability and recovery
dynamics [49]. Second, we analyse household survey data from Kenya’s Upper Ewaso Ng’iro catchment and Somaliland (Section 3.2).
These surveys capture how agro-pastoral communities perceived the impacts of the 2020-2023 droughts, which provides valuable
information on the exposure and vulnerability components. Furthermore, the survey data provides information on drought response in
agro-pastoral communities by analyzing the actions that they took to mitigate impacts, and the barriers and enablers influencing their
decision-making processes. This data feeds into an ABM framework that evaluates the effects of these community responses on drought
impacts through scenario analysis (Section 3.3). The ABM approach integrates heterogeneous community behaviors and interactions
between people, the environment, and potential interventions [32,50]. The ABM thus combines the risk as a result of hazard, exposure
and vulnerability with the risk as a result of responses and the interaction between impacts and responses. Scenarios are developed
based on community survey data to simulate human-environment interactions and evaluate how different actions could have miti-
gated drought impacts. By exploring what could have been done differently, this approach provides valuable insights into improving
drought risk management strategies and enhancing resilience in future drought events.

3.1. Meteorological and evapotranspiration data

The daily Multi-Source Weighted-Ensemble Precipitation (MSWEP) version 2 dataset [51] provides global precipitation data from
1979 onward, with a spatial resolution of 0.1° (~11 km) and temporal resolutions of 3 h, daily, and monthly. MSWEP integrates gauge,
satellite, and reanalysis data for robust coverage, making it effective in capturing the spatial and temporal variability of drought
conditions [52]. The Global Land Evaporation Amsterdam Model (GLEAM) version 3.5a offers daily potential evapotranspiration
(PET) estimates with a spatial resolution of 0.25°, derived from satellite and reanalysis data [53]. GLEAM incorporates MSWEP
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Fig. 3. A Map of the Horn of Africa (Kenya, Somalia and Ethiopia) showing the drought conditions (SPEI-12 March and SPEI-12 August) towards the
end of the 2016-2018 and 2020-2023 drought for the arid/-semi-arid regions with —1 (Severely dry), —0.5 (Moderately dry), 0 (Normal), 0.5
(Moderately wet), and 1 (Severely wet).
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precipitation, satellite-observed soil moisture, air temperature, radiation, and vegetation optical depth to estimate PET, using the
Priestley-Taylor (PT) equation based on ECMWF ERA-Interim inputs [54]. GLEAM PET data for 2013-2023 were resampled to 0.1° to
align with MSWEP precipitation data for drought index calculations.

3.2. Drought indices

To assess meteorological and agricultural drought conditions, we used the Standardized Precipitation Evapotranspiration Index
(SPEI) to incorporate potential evapotranspiration, allowing for a more accurate reflection of water balance impacts on drought [55].
SPEI was calculated for 1-24 months accumulation periods following Odongo et al. [24], using monthly data from 2013 to 2023. This
approach avoids zero-value issues typical of the Standardized Precipitation Index (SPI) by focusing on precipitation minus evapo-
transpiration [56]. Various distributions—Normal, Generalized Extreme, Generalized Logistic, and Pearson3—were fitted to ensure
standardized results within each administrative unit, emphasizing the interaction between drought indices and local impacts rather
than cross-unit comparisons. SPEI-6 and SPEI-12 (Fig. 3) were selected for analysis based on their strong correlations with trekking
distances to water sources and milk production, respectively, capturing the lagged effects of drought on these variables [57].

Similarly, we selected SPEI-12 to characterize drought effects on IDP due to its ability to capture long-term drought conditions that
often lead to socio-economic impacts like displacement [58]. This extended period captures the gradual intensification of drought
impacts, which compels affected populations to migrate as access to essential resources becomes increasingly scarce [58]. Moreover,
the 12-month scale accounts for lagged responses to drought, providing insights into how sustained drought influences migration and
displacement patterns over time.

3.3. Drought impact data

Drought impacts are multi-sectoral, arising from complex interactions across hydrological, agricultural, and socio-economic sys-
tems [59] and frequently linked to both hydrological and agricultural droughts [60]. Given this complexity, we incorporated diverse
data sources to comprehensively characterize drought impacts (Table 1). Specifically, we obtained data on agro-pastoral impacts, such
as livestock trekking distances to water sources and milk production levels, from Kenya’s National Drought Management Authority
(NDMA), as these indicators provide insight into the strain on rural livelihoods and food security. NDMA operates drought early
warning systems and develops preparedness strategies and contingency plans in Kenya. The organization publishes monthly drought
impact information as early warning bulletins for each of the 23 arid and semi-arid administrative units in Kenya. The impact reports
provide the input for the impact categories (Table 1) considered in this study (see Odongo et al. [57] for more information). The impact
datasets contain continuous monthly timeseries data. Only some gaps exist when impacts were not recorded within the reports or
specific reports were not published (see Ref. [57] for more information on impact data cleaning).

Additionally, since displacement is a significant drought-related impact in the HAD because most communities move in search of
natural resources and better living conditions [61], we included data on drought-induced internal displacement in Somalia and
Ethiopia to capture socio-economic effects on vulnerable populations [5,62-66]. By focusing on drought-specific drivers of
displacement, this study aims to highlight both immediate and long-term repercussions on communities dependent on natural re-
sources and agriculture for their livelihoods. While we acknowledge that displacement is influenced by multiple structural and
contextual factors, such as governance and socio-economic conditions ([67]; Adger et al., 2014; [66,68]), our focus remains on the role
of drought to provide a clearer understanding of its impacts during the 2020-2023 drought compared to the 2016-2018 drought.

The IDP data due to drought for Somalia is collected by the PRMN project which acts as a platform for identifying displacements
(including returns) of populations as well as protection incidents underlying such displacements. Protection incidents include various

Table 1
Impact data types used in this study.
Country Impact type Unit Temporal and Impact description Source
spatial resolution
Kenya Milk Production Litres (1/ 2014-2023 | Average daily milk production per household =~ NDMA Early Warning Bulletins
(MPR) day/hh) administrative level (hh) provided in monthly.
1 scale
Return Distance to Kilometres 2014-2023 | Average return trekking distance to water NDMA Early Warning Bulletins
Water Sources (Km) administrative level sources for household and return distances
e Livestock (LDW) 1 scale from livestock grazing areas to watering
e Household (HDW) points for livestock.
Somalia Internally Displaced Number of 2016-2023 | The impact data on IDP due to drought was United Nations High
Persons (IDP) due to people administrative level monitored by the United Nations High Commissioner for Refugees
drought 1 scale Commissioner for Refugees PRMN. website
Ethiopia  Internally Displaced Number of 2017-2023 | The impact data is for the newly displaced Internal displacement
Persons (IDP) due to people administrative level people within the administrative level 2. The monitoring centre (IDMC)

drought

2 scale

number of IDPs are based on refugee camp
assessments via different rounds throughout
the year aggregated annually by the Internally
Displaced Monitoring Centre.

through the Global Internal
Displacement Database
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forms of harm, abuse or threats that the IDP may encounter during displacement or in the areas of refuge. They employ a systematic
approach through interviews to monitor population displacements and movements, focusing on strategic locations like transit sites,
established IDP settlements, border crossings, and other relevant sites. The collected reports are uploaded onto a web-based platform
for quality control by Norwegian Refugee Council (NRC) and undergo verification by NRC field staff before approval, either through in-
person validation or third-party verification [69]. The IDP datasets were filtered on drought displacement cases for this study.

The IDP data due to drought for Ethiopia is collected by the IDMC. IDMC’s approach begins with event-based monitoring, capturing
displacement incidents by date, location, trigger, and duration, allowing for a more granular understanding of displacement events and
trends. This event-based data is stored in IDMC’s Global Internal Displacement Database (GIDD). To ensure data accuracy, IDMC
applies rigorous triangulation which involves cross-referencing data from multiple reliable sources to validate accuracy and priori-
tizing conservative objective estimates. Data quality is further enhanced through an internal and external peer review process. After
quality control, IDMC publishes validated datasets annually in the Global Report on Internal Displacement (GRID).

3.3.1. Normalization of impact datasets

To effectively analyse and compare drought impacts relative to drought hazard indicators (see Refs. [24,57] for the calculation of
SPEI-12) across Somalia, Ethiopia, and Kenya, a min-max normalization method was applied, drawing from Wang et al. [70] and
Below et al. [71]. This approach allowed for comparability across different time periods while preserving the unique characteristics of
each administrative unit. The process included data collection, hybrid standardization, and visualization to ensure consistency and
accuracy in the analysis.

The normalization approach scales the impact data within a range of 0-1. We first did a temporal normalization within each
administrative unit, followed by a global aggregation across the units. The impacts were normalized using the following formula:

X; — min Xx;

SDimpact =
max X; — min Xx;

eq. 1

where SDjnpqc; is the normalized drought impact for each administrative unit and impact type; x; are monthly impact value for the unit
and time period, min x; and max x; are the minimum and maximum values of drought impacts for the time period for a given impact
type for the administrative unit.

The normalization was applied to each administrative unit separately to account for local conditions (e.g., varying geographies and
population densities), making it possible to compare how much each unit’s drought impacts deviate from its own historical average.
Afterward, global aggregation was performed by averaging the normalized values across units within each country, creating a single
normalized drought impact timeline per impact type for each country. The two-step normalization allows for both local comparability
by capturing relative changes within each administrative unit and cross unit comparability. This aggregation made it possible to
visualize and compare the drought impacts across different time periods. The impact timelines were then plotted alongside the cor-
responding SPEI indicator (SPEIL-6 for trekking distances to water sources, SPEI-12 for milk production and IDP [57]) to visually
analyse the drought impacts during 2020-2023 and 2016-2018. Additionally, we calculated the percentage change of impacts (HDW,
LDW, MPR, IDP) between the two periods, with the 2016-2018 drought treated as the baseline when looking at the deviation of
impacts of 2020-2023 for HDW, LDW and MPR impacts using equation (2), while the percentage change for IDP impacts was based on
a baseline of zero as shown in equation (3):

Meanzoz0-2023 — Meanyois-—2018
Meanygi6-2018

Percentage change ypw .ow.mpr = x 100 eq. 2

Percentage changeppp = Meanygag 2023 — Meansgis 2018 X 100 eq. 3

In this study, each country (Kenya, Ethiopia, and Somalia) was analysed independently to address challenges associated with differing
drought impact types and data sources. Min-max normalization was applied per country to aggregate data across administrative units,
ensuring comparability within each country. No direct comparisons were made between countries; instead, analyses focused on
identifying trends and patterns within each country’s administrative units. This approach allowed us to maintain methodological
consistency while recognizing the distinct contexts of each country.

3.4. Household survey on community perceptions and responses

The impact of the 2020-23 drought on rural communities to a large extent depends on how well they were prepared for the drought.
We therefore used household survey data to analyse perceptions and behaviour in communities. First, we analysed how communities
perceived the 2020-2023 drought, and second, we evaluated their drought adaptation decisions. In May 2022, we conducted 502
household survey interviews in Isiolo County (Kenya) and 250 household survey interviews in Odweyne district (Somaliland, So-
malia). In both countries we used a stratified sampling method for which we divided the population into six subgroups, based on
gender and age categories (18-29, 30-49, and 50+), based on the Kenya Population and Housing Census [72] and The Somaliland
Health and Demographic Survey 2020 [73].

Firstly, we used this survey data to assess community perceptions towards and experience with drought impacts. Both surveys were
conducted in May 2022, therefore we could not ask about people’s drought experiences during 2022 and 2023. We did ask in which
years respondents remembered experiencing a drought in the period from 2001 until 2021. First, we asked the respondents to mark
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each year in which they experienced a drought and second, we asked them to state which drought year they experienced to be most
severe. Subsequently, we asked crop farmers about their crop yields in the year that they marked as most extreme and about the
average crop yield in a year with normal rains. We used this data to show the impact of drought on crop yield in the interviewed
communities for the respectively the 2020/2021 drought in Isiolo County and the 2017 drought in Odweyne district. Furthermore, the
survey contained several questions on drought risk perceptions. For the year that people marked as most severe drought, we asked
about the perceived impact of the drought on a Likert scale from 1 (very small) to 5 (very large). To assess people expectation about
future droughts, we asked respondents how likely they think it is that they will experience livestock deaths, crop failure and food
insecurity due to drought in the coming five years, on a Likert scale from 1 (very unlikely) to 5 (very likely).

Besides data on drought risk perceptions and experiences, the surveys contained information on, among others, adaptation de-
cisions and drivers and barriers of adaptation. Schrieks et al. [27] have analysed the drivers and barriers of adaptation from the survey
data from Kenya. We combine insights from Schrieks et al. [27] with the survey data from Odweyne district to provide a community
perspective on adaptation. Whether people implement adaptation measures is influenced by a combination of several perceptions,
social and cultural norms, and economic factors [27,74-78]. An often-used theory to describe adaptation decisions is the protection
motivation theory (PMT, [79-83]). According to this theory, a person’s intention to adapt depends on risk appraisal and coping
appraisal [81,84]. In the context of drought adaptation, risk appraisal consists of the perceived severity and perceived frequency of a
drought, and coping appraisal consists of the perceived efficacy of an adaptation measure, the perceived self-efficacy (a person’s belief
in their own ability to implement the adaptation measures) and the perceived costs of an adaptation measure [85]. We included survey
questions on all these PMT constructs in our survey.

3.5. Effects of actions and responses

We analysed how responses of different agencies and community adaptation options would have modified the drought impact felt
by agropastoral communities in the upper Ewaso N’giro catchment in Kenya (Fig. 1) during the 2020-23 drought. We used the agent-
based model developed by Streefkerk et al. [46], aiming to explore the interactions between drought hazard and human responses.

The model consists of three modules which are dynamically coupled: hydrology [86], socio-hydrological interactions, and
human-decision making [83]. This coupled model allows for assessing how agropastoral communities (‘agents’) respond to drought.
The agropastoralists grow crops and tend livestock to sustain their livelihood, and use water and land in the process. We identified the
six most-common adaptation measures these agents can make in the model to cope with droughts to meet their water demand and
optimize grass/crop yields [27]. The six measures include i) agroforestry (planting trees in agricultural field), ii) seasonal migration
with livestock (changing location of livestock), iii) irrigation (abstraction water from river or groundwater to land), iv) water har-
vesting (capturing rain and runoff for later use), v) changing livestock types (change from cows to more drought resistant and less
water-intensive goats), vi) and changing crop types (changing to drought-tolerant crops). Implementing adaptation measures have
influence on the (socio-)hydrology, by changing land properties, (location of) water abstraction, storage and demands. Adaptation
decisions are made on yearly basis following the protection motivation theory (PMT, see Section 3.2). In times of insufficient water to
meet the water demand, the assumes that domestic purposes are prioritised, following livestock demands, and lastly crop (irrigation)
demands. Household’s actual water abstraction is limited by the water available in the nearest (non-dry) water source (either river or
groundwater well). The choice of migration location is based on the maximum grass availability in the neighbourhood of the agent.
Agents influence each other’s grass availability by consumption of grass by livestock. Grass is consumed in a random order - the agent
who is first has most grass available. The model includes ~15000 agents with a heterogeneous set of characteristics (e.g. income, age,
etc.). The spatial resolution is 1 by 1 km and the temporal resolution is 1 day. Each grid cell has one agropastoral agent making
decisions at different moments in time. Since there is one agent for every grid cell, an agent can represent multiple households,
depending on the population density. In addition, commercial export farms present in the upstream areas of the Upper Ewaso Ng’iro
catchment are represented through water management rules defining the required storage and abstraction of water, as elaborated on in
Streefkerk et al. [46].

The modelling framework used data for the hydrological, socio-hydrological and human-behaviour components. The hydrological
component has precipitation [51], potential evapotranspiration [87], Soil Adjusted Vegetation Index (SAVI) (Copernicus Global Land
Service) as drivers of the model. The socio-hydrological component included information on domestic water demand [88-90], crops
water demand and properties [91], and livestock water and grass demand [92-94]. The human-behaviour component of the
agent-based model is informed by the household survey (Section 3.2) and Tegemeo Institute [95]. The model was calibrated on
streamflow at the outlet of the Ewaso N’giro catchment (CETRAD), crop production (Ministry of Agriculture), and milk production
[96]. The way the model was set up and calibrated is described in Streefkerk et al. [46], which we refer to as the ‘baseline model’. We
compared the observed and calibrated values for the drought impact variables (crop/milk production and distance to household
water). A sensitivity analysis of the modelling framework has been performed in Streefkerk et al. [31]. The results of this analysis
showed that irrigation (demand) is the most influential on drought adaptation and hazard. See for more details about the model setup
Streefkerk et al. [31,46].

Based on the results of the community responses (Section 4.2) we simulated two interventions in the ABM. In the first, the uptake of
the water harvesting adaptation measure is halved and doubled compared to the baseline. In the second intervention, the access to
extension services is halved and doubled. Extension services promote and give training on adaptation measures. To explore potential
interventions to drought, two types of intervention were simulated with two scenarios each.
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1

2

~—

—

Increased or decreased water harvesting by communities: communities have halved or doubled access to water harvesting
infrastructure at home, compared to the base scenario. Water is harvested from both rain and runoff and stored in a tank, pond or
similar, with a capacity of 5000 L/household. It is assumed that water from roofs can used for household water, and that people use
water in the following order i) households purposes, ii) livestock purposes, and iii) irrigation purposes.

Expansion or reduction of extension services: communities have halved or doubled access to extension services. Extension
services promote and give training on drought adaptation measures by extension officers from government, NGO’s or farmers
groups. The extension services are implemented in the model by increasing the adaptation efficacy. The household survey by
Schrieks et al. [27] informs how much the adaptation efficacy is increased for every adaptation measure when households receive
extension services. If agents do not have access to extension services they rely on neighbours for information about the adaptation
efficacy by comparing crop and livestock production with neighbours who have adapted.
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Fig. 4. a and c) The SPEI-6 (HDW and LDW) and SPEI-12 (MPR) over the study period (2013-2023) for all the administrative units (grey lines) and
overall mean (red line). Timelines of the individual administrative unit impacts: Household distance to water sources(HDW), Livestock distance to
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average over all ASALs (red lines). The two drought periods (2016-2018 and 2020-2023) are indicated within the black boxes, dash-dotted line. b
and d) The percentage change of impacts during 2020-2023 drought compared to 2016-2018 drought periods of each of the administrative units

per impact type.
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We compare the two interventions above with the baseline scenario and analyse the resulting drought impacts over the 2020-23
drought (as counterfactuals), measured by model outputs including crop production, milk production and household distance to water.
Additionally, we compared the 2020-2023 drought in terms of hydrological variables for the first scenario, looking into upstream-
downstream interaction. For the second intervention, the uptake of adaptation measures is compared to the baseline.
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Fig. 5. a and c) The SPEI-12 over the study period (2013-2023) period for all the administrative units (grey lines) and overall mean (red line).
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units. The two drought periods (2016-2018 and 2020-2023) are indicated within the black boxes). b and d) Percentage change in IDP as compared
to normal (overall mean) for the two drought periods for each of the administrative units for Somali and Ethiopia.
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4. Results
4.1. 2020-2023 drought in perspective

4.1.1. Kenya

When comparing the SPEI-6 values for the 2020-2023 drought with those of the 2016-2018 drought, the 2020-2023 period
exhibited greater overall severity, with SPEI values dropping below —2 (Fig. 4a). This heightened severity is likely attributed to
elevated potential evapotranspiration rates compounded by the extended duration of the 2020-2023 drought, which spanned three
years compared to the 1.5-year duration of the 2016-2018 drought. Seasonal comparisons reveal that the 2016-2018 drought was
characterized by two failed rainy seasons (2016 OND and 2017 MAM), whereas the 2020-2023 drought experienced five consecutive
failed seasons (2021 MAM and OND, 2022 MAM and OND, and 2023 MAM). The most severe failures occurred during the 2021 OND
and 2022 OND seasons. Similarly, analysis of SPEI-12 (Fig. 4c) indicates that the 2020-2023 drought had more severe seasonal
failures, with values consistently around —2 during the 2021 OND, and 2022 MAM and OND seasons, compared to the 2016-2018
drought.

The percentage changes in trekking distances to water and milk production between the two drought periods, using the 2016-2018
drought as a baseline, demonstrate that the 2020-2023 drought had more pronounced impacts in most administrative units (Fig. 4b
and d). Trekking distances to water (HDW and LDW) saw substantial increases, with many administrative units reporting increases
above 50 %. Marsabit (212 %), Tana River (163 %), and Nyeri (100 %) had the largest increases, while Isiolo (—54 %) experienced the
greatest reduction in HDW. Similarly, for LDW, Nyeri (102 %) recorded the largest increase, while Kilifi (—36 %) showed the greatest
decrease. Milk production (MPR) experienced significant declines, with reductions exceeding 20 % in most administrative units.
Notably, Taita Taveta and Turkana recorded the highest increase and decrease in MPR, respectively. The progressive intensification of
impacts during the 2020-2023 drought is evident, with peak deviations from the mean occurring around the 2022 OND season (Fig. 4a
and ¢).

The magnitude of impacts also varied significantly across administrative units. The total average normalized impacts were higher
during the 2020-2023 drought than in the 2016-2018 drought for HDW (8.67 vs. 6.47) and LDW (9.31 vs. 7.22), but slightly lower for
MPR (8.61 vs. 9.11). However, the spread of impacts across administrative units, as indicated by variance, was smaller during the
2020-2023 drought. For example, the variance in HDW during 2016-2018 was 0.046 compared to 0.036 during 2020-2023, indi-
cating more consistent impacts across administrative units in the latter period. Similarly, the variance in MPR declined from 0.053 to
0.023 between the two periods. In contrast, the variance in LDW impacts remained relatively constant (~0.045) across both droughts.
The 2016-2018 drought also exhibited lower severity towards the end of the period across most administrative units compared to the
2020-2023 drought (Fig. 3).

Variations in impact magnitude across administrative units during the 2020-2023 drought may reflect the influence of in-
terventions such as improved access to credit and the installation of small water infrastructure, as well as changes in socio-economic
and demographic factors. These variations are evident in the percentage differences relative to the 2016-2018 drought for individual
administrative units (Fig. 4b and d). Most administrative units experienced larger percentage differences during the 2020-2023
drought, although exceptions were observed. For instance, Isiolo, Garissa, Kilifi, and Meru recorded decreases in HDW, while Kilifi and
Narok had decreases in LDW. For MPR, units such as Taita Taveta, Makueni, Laikipia, Tana River, Garissa, and West Pokot demon-
strated increases during the 2020-2023 drought. Notably, Meru exhibited a decline in HDW and an increase in MPR during the same
period.

Overall, the extent of increases in trekking distances to water (HDW, LDW) and reductions in milk production (MPR) varied
significantly across administrative units during the 2020-2023 drought. Certain regions experienced percentage changes exceeding
100 %, particularly for HDW and LDW (Fig. 4b and d), highlighting the spatial variability of drought impacts across the study area.

4.1.2. Somalia and Ethiopia

The 2020-2023 drought had a marked and significant impact on human displacement in both Somalia and Ethiopia, with all
regions in both countries experiencing higher numbers of internally displaced persons (IDPs) compared to the 2016-2018 drought
period (Fig. 5a and c). Average normalized displacement values were higher across most administrative units during the 2020-2023
drought than in the 2016-2018 drought, reflecting the more severe and prolonged nature of the later event. The sum of average
normalized displacements further underscores this contrast, with values significantly higher during the 2020-2023 drought (Somalia:
1.798 vs. 0.606; Ethiopia: 1.654 vs. 1.024). The stark increase in displacement during the 2020-2023 drought is likely attributable to
its extended duration and greater intensity, particularly in Somalia, where SPEI-12 values (red line) declined to as low as —2 by the end
of 2023 (Fig. 3).

In Ethiopia, most administrative units experienced displacement increases exceeding 50 % compared to the 2016-2018 drought,
with Tigray recording the highest percentage increase (54 %) (Fig. 5d). While drought-related factors undoubtedly played a role, this
period also coincided with a civil war in Tigray. The conflict, compounded by accusations of famine being used as a weapon,
significantly exacerbated displacement trends [97-99]. This overlap between conflict and climatic stressors highlights the difficulty of
isolating drought impacts from other socio-political drivers, particularly in regions experiencing prolonged crises. In Somalia,
displacement increases were generally less pronounced, ranging between 5 % and 10 %, with some regions, such as Sanaag, Lower
Shebelle, and Woqooyi Galbeed, reporting decreases of 3 %, 2 %, and 6 %, respectively, relative to the 2016-2018 drought (Fig. 5b).

Furthermore, the normalized IDP data and SPEI-12 values exhibited a wider spread across administrative units during the
2020-2023 drought compared to the 2016-2018 period, reflecting greater variability in displacement impacts (Fig. 5; grey lines). In
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Somalia, the variance in normalized IDP data increased from 0.043 during the 2016-2018 drought to 0.321 during the 2020-2023
drought. Similarly, in Ethiopia, variance rose from 0.013 to 0.031 between the two periods. This heightened variability may result
from the interplay between the increased hazard intensity of the 2020-2023 drought and changes in socio-economic and demographic
factors across regions, in contrast to the relatively uniform hazard magnitude of the 2016-2018 drought.

4.1.3. Perceived impacts and risk perceptions in agropastoral communities

The section above discussed country-scale impact data, but to get a clear picture of drought impacts it is also important to study the
impact on households in dryland communities. Therefore, we include data from our household survey in pastoral and agropastoral
communities in two regions: Isiolo county, Kenya and Odweyne district, Somali Somaliland. The results show that in both regions,
2021 was experienced as a drought by many respondents (74 % and 52 %). In Isiolo, 2021 was also experienced as the most severe
drought by 60 % of the respondents, while in Odweyne, almost everyone (92 %) experienced 2017 as the most severe drought.

Fig. 6 shows boxplots of the stated crop production for the two most common crop types in Isiolo (Maize and beans) and Odweyne
(Maize and Sorghum). The first four boxplots give the stated average crop production for a year with normal rainfall, and in the lower
four boxplots we compare this with the crop production in the year that people marked as most extreme drought year. For Isiolo, we
compare the crop production in a normal year with that in 2020 and 2021, and for Odweyne, we compare a normal year with 2017,
because these are the most severe drought years for these regions as selected in the survey. Fig. 6 shows that the droughts in
respectively 2020/2021 and 2017 had a severe impact on crop production, with the majority of respondents having zero crop pro-
duction in these severe drought years.

It is likely that 2022 and 2023 would have been experienced as severe droughts by even more people, because it was a consecutive,
multi-season drought. It is also evident from the questions that we asked about drought risk perceptions and drought impacts that
people experienced severe drought conditions in 2021 and the first half of 2022. Since the questions were asked in the middle of the
drought (May 2022), it is highly likely that answers were influenced by the drought that people were experiencing. Especially in Isiolo,
the risk perceptions were extremely high, with more than 80 % stating that it is very likely that they will experience livestock deaths and
food insecurity in the coming five years and more than 70 % for crop failure. In Odweyne, the perceptions were less extreme, but still
around 50 % of respondents stated that both crop failure and livestock deaths are very likely and around 30 % state that it is likely. For
food insecurity almost 40 % said it is very likely and a bit more than 30 % said it is likely. For the households in Isiolo who selected 2020
or 2021 as the most severe drought year, more than 80 % experienced a very large impact on their household income and 90 %
experienced a very large impact on livestock productivity. For Odweyne, we do not have these data for the year 2021 and 2022 since
92 % of the respondents selected 2017 as the year of the most severe drought.

4.2. Community and responses
To decrease the vulnerability to the above-described drought impacts, communities and households can implement several types of

adaptation measures. In our household surveys, we have identified which types of adaptation measures people already had taken in
May 2022. Fig. 7 gives an overview of the percentage of respondents that implemented the adaptation measures that were included in
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Fig. 6. Maize and beans production in a normal year and in 2020/2021 for crop farmers in Isiolo county (Kenya) who selected 2020 or 2021 as the most
severe drought year and Maize and sorghum production in normal year and in 2017 for crop farmers in Odweyne district (Somaliland) who selected 2017 as
the most severe drought year. The spread in the boxplots illustrate variation between respondents.
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Fig. 7. Percentage of respondents that has implemented the adaptation measures in Odweyne district and in Isiolo county.

our survey. The most popular adaptation measure for pastoralists is changing and diversifying livestock species from grazers to
browsers [27]. Traditionally, most people in this region keep cattle, but people are switching to camels and goats, because they are
more drought-resistant [25]. In 2022, 33 % of our respondents in Isiolo and 36 % of our respondents in Odweyne had already
implemented livestock diversification. Other common adaptation measures for pastoralists are migrating with livestock, starting
poultry farming, beekeeping and pasture conservation. Examples of adaptation measures for crop farmers are planting
drought-resistant crop types, irrigation, and agroforestry. Although some people in our sample engage in both livestock keeping and
crop farming, we observe that most people are more likely to either implement livestock-related measures or crop-related measures.
Besides the livestock- and crop-related measures, other adaptation measures were identified, not necessarily related to one of these
livelihood activities. People can, for example, take measures to diversify and secure their income sources. Popular strategies are
participating in savings groups and starting a small business. Furthermore, people can increase water availability through investments
in rainwater harvesting or the construction of a borehole or shallow well. The above mentioned measures are based on the two case
study areas, but the adaptation strategies are similar to other regions in the HAD [25,100,101].

In the analyses of the factors that influence adaptation decisions, following the protection motivation theory (PMT), we find that
especially the coping appraisal variables are important in explaining the adaptation decision of the agropastoral communities in Isiolo
County [27]. People are more likely to implement adaptation measures if the perceived efficacy and self-efficacy of the measure are
high and the perceived costs are low. We use these results to simulate adaptation behaviour in the ABM, for which we discuss the
results in the next section (Section 4.3). A person’s perceptions of the PMT factors are influenced by personal characteristics and
external factors such as social network, past experiences, and interventions by governments and NGOs [81]. Important barriers for
adaptation are lack of knowledge and lack of financial resources [32]. An increase in knowledge and information can increase
adaptation efficacy and self-efficacy, and better access to financial resources can increase self-efficacy and reduce perceived costs.
Governments and NGO can thus improve uptake of adaptation measures by providing training and extension services and improving
access to financial resources. During the 2020-2023 drought, the Isiolo county government implemented several interventions to
reduce drought impacts. The main adaptation interventions from county government were cash transfers for vulnerable households,
livestock destocking, vaccination of livestock, drilling of boreholes and provision of vegetables seeds [96]. During the most extreme
periods of the drought, the county government also provided emergency support, such as water trucking, emergency drilling of
boreholes and sand dams, emergency livestock feeds, relief foods and emergency cash transfers [96]. In Somaliland, the emergency
support consisted of, among other things, water trucking, food vouchers, cash transfers and cash for work programs, and measle
vaccination campaigns [102].

A lot of the emergency support is related to water supply. Investments are being made in groundwater abstraction points, which
does increase water supply, but there is also a risk of groundwater depletion in the long term [103]. Another adaptation measure that
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can help to increase water availability is investments in rainwater harvesting. This cannot be done as emergency support when the
drought has already started. Communities can only benefit from rainwater harvesting if investments are made before a drought period,
so that rainwater can be harvest when it is raining. Our survey data shows that only 16 % of the people in Isiolo and 13 % of the people
in Odweyne had implemented rainwater harvesting in May 2022. The people in the interviewed communities consider rainwater
harvesting to be highly effective to reduce drought impacts, but it is also considered to be a costly measure. Investments in rainwater
harvesting could be an effective way to help communities become more drought resilient. To get a better picture of the effectiveness of
rainwater harvesting, the next section simulates the effect of a change in the uptake of water harvesting on crop production, milk
production and distance to water sources.

4.3. Effects of actions and responses

The drought impacts simulated by the model are shown in Fig. 8, and compared to the observed values for the upper Ewaso Ng’iro
catchment. This validation is described in more detailed in Streefkerk et al. [46]. The bias ratio for crop production is 0.62, for milk
production 0.51, and for distance to household water 0.11. The distance to water is continuously overestimated by a factor of around 2.
Note that the model is not calibrated on distance to water, but is on crop and milk production (and streamflow). These simulated values
are the considered the ‘baseline scenario’; the other scenarios will be analysed relative to the baseline scenario.

4.3.1. Uptake of water harvesting

Fig. 9 shows the effect of the uptake of water harvesting as an adaptation measure (halved or doubled compared to the baseline) on
the crop production, milk production and distance to household water. These drought impact variables are shown relative to the
baseline scenario. The simulations show that the effect of water harvesting on crop production varies over time, with both positive and
negative effects of doubling the uptake of water harvesting. During the 2020-23 drought we observe an increase in average crop
production after the OND 2020 season (around 0.1 %), but the effect is negative in the next two OND seasons. On the contrary, the crop
production is increased when the uptake of water harvesting is halved. For the OND 2016 growing season, the same effect can be seen
for doubling the water harvesting; it has a negative effect on crop production. This could be explained by the increased water harvested
for household and livestock purposes, leaving less water available for irrigation.

Milk production is higher when more people adopt water harvesting. Especially in the doubled scenario we see a peak in milk
production during the 2020-23 drought, probably caused by prevented livestock deaths due to the increased access to water in a
certain area. A decrease in milk production is simulated in the scenario where water harvesting is halved. Both effects gradually
decrease during the drought periods of 2016-17 and 2020-23. Possibly because of the initial effects of water harvesting, which de-
creases as the drought continues and the water harvested has run out. The household distance to water is decreased with around 50 %
(equivalent to around 3 km) compared to the base scenario, when the uptake of water harvesting is increased. Conversely, we see that
the distance to household water is increased when water harvesting uptake is halved. We see more variability among the agents in the
doubled scenario, compared to the halved scenario.

Fig. 10 shows the drought hazard results for the two scenarios of the uptake of water harvesting spatially during the 2020-23
drought, compared to the baseline. The left and middle panel of Fig. 10 show that soil moisture and discharge are decreased up-
stream in the halved scenario, but are increased downstream. The results are the opposite for the doubled scenario; upstream soil
moisture is increased, but decreased downstream. On average, soil moisture is decreased over the entire period when increasing the
uptake of water harvesting. The simulations show that streamflow is decreased when increasing the uptake of water harvesting. The
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overall decrease in discharge when doubling water harvesting could be explained by the fact that water consumption is increased due
to the harvesting of water, and thus not contributing to discharge. On average, the groundwater table is lowered when halving the
uptake of water harvesting and increased in the doubled scenario. However, when looking at the model results of the groundwater level
spatially (right panel of Fig. 10), we see some ‘hotspots’ of marked raising and lowering of groundwater levels for both scenarios. In the
doubled scenario, groundwater is mostly lowered upstream, and increased downstream. This might be explained by the increased water
use for livestock and domestic purposes, which do not have a return flow (contrary to irrigation). In the halved scenario the hotspots are
more randomly distributed.

4.3.2. Access to extension services

We analysed the effect of increasing and decreasing access to extension services, which in turn affects the perceived adaptation
efficacy of drought adaptation measures, and compared this with the base scenario (Section 3.3). For the measures agroforestry,
irrigation and water harvesting, increasing the adaptation efficacy does not result in a significant increase of the uptake of those
measures (Fig. 11). This can imply that other factors are of greater importance. For example, the perceived cost may play an important
role, as these measures are (considered) most costly. There is a positive increase in the uptake of diversifying crop types and migration
in the doubling of access to extension services scenario (up to 0.5 % of all households), compared to a negative effect in the halved
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scenario, compared to baseline. The spread indicates the 25th and 75th percentile of the results over the agent population.

scenario. Diversifying livestock types is slightly increased when doubling access to extension services, while halving the access to
extension served has no notable effect.

When doubling the access to extension serves, crop production is increased with up to 1 % (around 10 kg/ha) compared to the
baseline. This can be explained by the increased uptake of drought-resistant crop types (Fig. 12), compared to the baseline, resulting in
higher crop production during drought. The spread among the agents is however large, indicating that agents are affected differently.
In the halved scenario, however, there is a decrease in crop production for all seasons. Milk production is increased with up to 1 % when
doubling the access to extension services during the 2020-23 drought, while it remains around the baseline during the rest of the period.
The difference in the uptake of adaptation measures could be an underlying factor for explaining these differences between the sce-
narios. The household’s distance to water is both increased and decreased compared to the baseline for both scenarios, with a
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maximum variation of 0.25 % on average. Note that these changes are all relatively small, indicating that changing the access to
extension services have a limited effect on drought impacts.

5. Discussion
5.1. Lessons learned

5.1.1. From hazard to impact

The comparative analysis of drought impacts between 2020-2023 and 2016-2018 provides valuable insights for enhancing future
drought mitigation strategies. Notably, key indicators in Kenya, such as trekking distances to water sources and milk production,
experienced greater average impacts during the 2020-2023 drought. However, an unexpected finding was that impact variance was
higher during the 2016-2018 drought, with more uniform hazard intensity across administrative units. The lower variance observed in
2020-2023 suggests that impacts were more evenly distributed, which could be attributed to several factors: (a) changes in the hazard
itself, such as more widespread or equally severe drought conditions, resulting in historically extreme impacts areas experiencing less
variability; (b) shifts in exposure due to socio-economic and demographic changes, including population distribution; and (c) reduced
vulnerability stemming from improved drought mitigation measures, such as infrastructure improvements that may have minimized
disparities. Determining whether the reduced variance is primarily driven by improved interventions or changes in hazard and
exposure requires further investigation, including an analysis of specific administrative units and related datasets.

The 2020-2023 drought was further exacerbated by a confluence of geopolitical factors, including food commodity trade bans,
elevated fuel and transportation costs, the global COVID-19 pandemic, hyperinflation, and a desert locust invasion [4,6]. These factors
collectively worsened food insecurity across the region. In contrast, the impacts of the 2016-2018 drought appeared to be compounded
by mostly local/regional socio-economic and demographic differences i.e., the crop pest manifestation and the post-election violence
[7]. Interestingly, some administrative units, such as Meru, Kilifi, Taita Taveta experienced fewer drought impacts in 2020-2023 than
in 2016-2018. This may suggest that in these counties measures to reduce in vulnerability were implemented, such as changing crop
calendar, improved seed varieties, drought-tolerant crops and water harvesting [104,105]. Increased access to credit from commercial
banks and service providers, as well as improvements in water infrastructure and water-use efficiency, may have also contributed to
this resilience. Support for this comes from Agent-Based Modelling (ABM) scenario results, which demonstrate that doubling the
uptake of water harvesting had positive effects on milk production during the 2020-2023 drought and a slight reduction in water
collection distances. However, the effect of more water harvesting on crop production was mixed, and only the first OND 2020 season
was positively influenced by doubling the uptake of water harvesting.

In Somalia and Ethiopia, the 2020-2023 drought further underscored the complex relationship between hazard magnitude and
vulnerability across administrative units. The significant rise in internally displaced persons (IDPs) during this period reflected both
the severity of the drought and pre-existing vulnerabilities. Displacement rates were notably higher during this period compared to
2016-2018 with the exception of some administrative units such as Lower Shebelle, Saanag and Woqooyi Galbeed. The discrepancy
may be partially explained by the limited availability of data during the earlier drought, which could have masked the full extent of
displacement at the time. Environmental degradation has further hindered the region’s capacity to withstand extreme drought events.
In Somalia, for example, approximately 49 % of land is moderately degraded, while 30 % suffers from severe degradation [6]. In
Ethiopia, regions such as Oromia, Tigray, and Afar—already affected by conflict—experienced the highest rates of displacement,
compounding the challenges faced by these communities.

The displacement trends observed in Tigray during the 2020-2023 drought illustrate the complex interplay between climate and
non-climate drivers. While our study primarily focused on drought-induced displacement, we acknowledge that the civil war in Tigray
during this period likely contributed significantly to the observed increase in displacement, particularly given reports of famine being
used as a weapon [97-99]. This highlights the importance of considering both climatic and socio-political factors when analyzing
displacement trends, as conflict can exacerbate the vulnerabilities created by drought and vice versa.

This study focused on drought as a key driver of displacement in East Africa. While we acknowledge that displacement is influenced
by a range of structural and contextual factors—including ethno-political exclusion, poor governance, socio-economic inequalities,
and state capacity ([67]; Adger et al., 2014; [66,68])—our analysis specifically isolated the impacts of drought to understand its direct
and indirect socio-economic repercussions. This approach allows us to evaluate the unique role of drought in shaping displacement
patterns. Future research could build on this work by integrating broader drivers of displacement and exploring methods for disen-
tangling the overlapping effects of these drivers, enabling a more comprehensive understanding of the interplay between climatic and
non-climatic factors on the dynamics of displacement in crisis-prone areas.

5.1.2. Community adaptation

To reduce drought vulnerability people can implement several types of adaptation measures. But important barriers to adaptation
are a lack of financial resources and a lack of knowledge. Schrieks et al. [27] show that perceived adaptation efficacy, perceived
self-efficacy and perceived costs are important factors in the adaptation decision. Other research from various developing countries has
shown that factors such as education, access to financial services, and participation in farmer organizations positively impact
smallholder farmers’ welfare, although these effects vary by region [106-108]. An increase in knowledge and information can increase
adaptation efficacy and self-efficacy, and better access to financial resources can increase self-efficacy and reduce perceived costs.
Governments and NGO can thus improve uptake of adaptation measures by providing training and information about these measures
and improving access to financial resources. Mwongera et al. [109] and Ngigi & Muange [110] both indicate that strengthening
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existing institutions and implementing coherent local policies can improve adaptation uptake in Kenya along the value chain, which is
consistent with our findings.

The experience from Somalia and Ethiopia, where there was a significant increase in internally displaced persons (IDPs) during the
2020-2023 drought compared to 2016-2018, underscores the need for improving political and economic stability, education and
reducing youth unemployment to minimize vulnerability, hence displacements during drought events [111]. Enhancing access to
financial resources, and expanding training/education facilities or workshops can significantly contribute to reducing displacement
during drought periods [111-113].

The ABM scenarios further emphasize the need for diversification of livelihoods, concluding that increased access to extension
services significantly boosts crop production and milk output, particularly through the adoption of drought-resistant crops and
diversified farming practices. Additionally, while improving access to extension services enhanced crop diversification, migration, and
livestock and crop production, its influence on other adaptation measures remained limited. It should be noted that extension services
are not always well established or effective in Kenya, because of constraints of bureaucracy or inadequate funds [114]. Therefore, the
relationship between adaptation efficacy and receiving extension services is also depended on the quality of the services, not neces-
sarily the potential of receiving training and information. Financial barriers continue to impede the uptake of costly adaptation
measures like agroforestry, rainwater harvesting and irrigation. An increase in adaptation efficacy through extension services and
training is therefore not likely to increase the update of these adaptation measures if it is not also combined with financial support.
King-Okumu et al. [115] also show that the challenges that affect uptake of different interventions in Kenya include financial issues
and the need for better use of information to trigger adaptations. One of the adaptation measures that is especially expensive is
rainwater harvesting. Schrieks et al. [116] shows that people are indeed more likely to implement rainwater harvesting if they receive
a subsidy.

Unintended consequences of water infrastructure interventions

In the aftermath of the severe 2010-2011 droughts in Kenya and Ethiopia, governments and international aid agencies have
increasingly shifted from reactive to proactive drought management approaches [117,118]. This transition involves developing na-
tional drought management policies, improving early warning systems and enhancing collaboration across sectors and policy levels.
The drought management efforts have focused on addressing the root causes of drought vulnerability through strategic investments,
including enhancing small-scale water supply infrastructures such as deep wells, boreholes, and piped water systems to ensure reliable
access to water during scarcity [16,103,119,120]. Scaling up these infrastructures remains a priority to improve communities’
adaptive capacities ahead of future droughts [113,121]. While infrastructure improvements are crucial, they must be balanced with
sustainable resource management to prevent long-term negative impacts, such as groundwater depletion [103,122,123]. Moreover,
Gebresenbet & Kefale [124] and Jonsson [125] both argue that increased mobility and traditional coping mechanisms may sometimes
be more effective than fixed infrastructure improvements especially in addressing environmentally-induced migration in Africa.

Contributing to studies that have examined the effects of water infrastructure, this study simulated how drought impact and hazard
would be modified under varying implementation of water harvesting as adaptation measure. The simulations show that an increase in
the uptake of water harvesting decreases drought impact for milk production and distance to water, but in some seasons increases the
drought impact on crop production. This might be explained by the way the model is set up; water is prioritised for domestic and
livestock purposes. Drought hazard is increased by a reduction in soil moisture, streamflow and groundwater recharge in downstream
areas, confirming earlier research [126]. These findings illustrate that trade-offs of water harvesting exist; one may alleviate certain
drought impacts, but increase drought hazard due to increased water consumption upstream [127]. This phenomenon is not new; it
combines the supply-demand cycles and reservoir effect, where an increase in water supply enables higher water demand and where
there may be an over-reliance on water storage, increasing vulnerability to drought [122]. The findings illustrate the importance
considering water-human feedbacks in analysing drought impacts and the effectiveness of adaptation measures. Unintended conse-
quences of adaptation should therefore be taken into account when designing drought-related interventions [50,128]. These in-
terventions should create synergies within the human-water feedbacks, rather than trade-offs [129].

5.3. Future research and limitations

The varying impacts of drought across different regions and administrative units highlight the need for targeted interventions.
Resource allocation should be based on specific county needs, ensuring that areas with higher vulnerability receive more attention. For
example, counties with consistently dire conditions, as identified from the standardized impact data [57], should be prioritised for
immediate interventions, such as emergency water supply and food security programs [130]. Moreover, long-term investments in
infrastructure, education, and economic development should be tailored to address the unique challenges faced by each county.

Linking these targeted interventions to scenario analysis can help policymakers identify the most effective strategies for reducing
drought impacts. By simulating different adaptation measures and their potential outcomes, decision-makers can prioritize actions that
offer the greatest benefits in terms of resilience and sustainability [32]. This approach ensures that resources are used efficiently and
that communities are better prepared to withstand future droughts.

This study acknowledges several limitations that should be considered when interpreting the findings, including the availability of
impact datasets, uncertainties associated with the Agent-Based Model (ABM), and potential biases in the household surveys. There is
an urgent need for more comprehensive drought impact datasets with high spatial and temporal resolution to enhance drought risk
assessments and adaptation strategies. High-resolution data facilitate a more nuanced understanding of localized drought impacts,
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which can vary considerably across different regions and communities. However, existing datasets often lack the granularity required
to capture these variations, particularly in remote or underrepresented areas, thereby constraining the capacity to model drought
dynamics and design targeted interventions.

For instance, the National Drought Management Authority (NDMA) of Kenya provides valuable high-resolution impact data on a
monthly basis at the administrative level 1 scale, which is publicly accessible. This dataset could be further enhanced through
consistent reporting, integration of vulnerability factors, and dissemination via interactive dashboards rather than static reports.
Extending this model of monthly impact data publication to Ethiopia and Somalia would represent a significant advancement in
drought monitoring and response in the region. Furthermore, the availability of detailed datasets would enable researchers and
policymakers to better comprehend the temporal progression of drought impacts, facilitating the development of more effective
mitigation and adaptation strategies. Addressing these data limitations is essential for advancing our understanding of drought dy-
namics and improving resilience in vulnerable regions.

The independent treatment of each country in our analysis was essential to address potential data comparability issues arising from
differences in drought impact types and data sources. By focusing on comparisons within administrative units for each country, we
avoided introducing biases that might arise from directly comparing data across countries. This approach highlights the unique socio-
economic and environmental contexts of Kenya, Ethiopia, and Somalia while recognizing their shared vulnerabilities to drought. The
inclusion of Ethiopia and Somalia, despite data limitations, underscores the importance of integrating underrepresented contexts into
regional drought studies. We acknowledge that future studies could benefit from standardized data collection across countries to
facilitate more robust cross-country comparisons.

Additionally, when employing the ABM to analyse the drought impacts and perform scenario analysis, uncertainties can arise due
to the complexity and heterogeneity of human-environment interactions. To accurately capture the behaviour of agents is challenging
especially due to the limited data on human decision-making processes, which can be influenced by socio-cultural norms that may be
hard to quantify. Furthermore, assumptions made in defining the rules that govern agent behaviour introduce additional uncertainty,
especially when data on historical responses to drought are sparse. As for the household surveys used, there is also uncertainty that
may be introduced due to respondents’ answers being influenced by recall bias and social desirability bias, where individuals may not
accurately remember events or misreport the severity of drought impacts and provide answers they deem more acceptable to the
researcher rather than reflecting on their true experiences, respectively. Furthermore, the survey only measures preferences and
behaviour at one point in time, which means that answers are influenced by the situation at that moment. Longitudinal data is needed
to better capture developments in preferences and causal relationships in adaptation decisions. We tried to overcome these biases by
using carefully designed questions from behavioural theories that have been extensively tested in previous research, but biased can
never be fully eliminated which adds to the uncertainties in modelling human-drought dynamics.

6. Conclusion

This study combines drought impact data, household survey data and agent-based model simulations to learn lessons from past
droughts in the HAD, which can inform more effective responses in the future. The impacts of the 2020-2023 drought in Kenya,
including trekking distances to water sources and milk production, were found to be bigger than the 2016-2018 period. Because this
difference could not be seen in the drought hazard, it suggests that exposure and vulnerability play a crucial role in determining
drought impacts. The analysis of adaptation in rural communities shows that the uptake of adaptation measure can be increased by
providing extension services and improving access to financial resources. The ABM simulations confirm that an increased access to
extension services increases crop and milk production, particularly through the adoption of diversified farming practices. However, for
more costly adaptation measures, extension-services are only effective when combined with financial support. The model simulations
also show that an increased uptake of water harvesting can reduce drought impacts, but there is also a risk that increasing water
harvesting upstream can increase drought hazard downstream.

In conclusion, the lessons learned from the 2020-2023 drought period emphasize the importance of continuous investment in
adaptive measures, timely and informed decision-making, and targeted interventions based on specific regional needs, taking into
account potential trade-off resulting from these interventions. Structural investments (e.g. education, infrastructure, access to credit)
are needed to reduce vulnerability of the communities. Improved understanding of socio-economic impacts is critical in designing
effective drought early warning systems and development of impact triggers and thresholds for anticipatory action. By implementing
these strategies, communities, governments, and organizations can work together to reduce the impacts of future droughts and build
more resilient societies.
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