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Abstract. The direct effects of climate variability on refugee mobil-
ity during conflict-driven displacement remain poorly quantified. This
study investigates how precipitation and river discharge influence jour-
ney times and route accessibility within a multiscale agent-based simula-
tion framework. Building on our earlier implementation, we analyse the
integration of 40 years of ERA5 climate reanalysis data and correspond-
ing GloFAS river-discharge records to derive evidence-based thresholds
governing movement speed adjustments and route closures. Applied to
the 2016–2017 conflict in South Sudan, the analysis demonstrates that
while conflict drives departures, hydrological conditions regulate when,
where, and how far displaced populations can travel by introducing sea-
sonal slowdowns and route-level bottlenecks. Although climate coupling
increases computational cost by a factor of 6.4, it reveals critical acces-
sibility constraints that are not captured in performance-focused evalu-
ations. Overall, this study provides a more detailed characterisation of
climate-induced mobility constraints and enhances the interpretability
of forced migration simulations.

Keywords: Forced Migration · Climate Variability · Agent-Based Mod-
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1 Introduction

Forced displacement can be triggered by a range of factors, including conflict,
environmental hazards, and economic crises, often forcing individuals to migrate
in search of safety and stability [1]. Accurate forecasting of such movements
enables humanitarian organisations and governments to plan resource allocation
and improve emergency response effectiveness [2,3]. While previous displacement
studies have largely focused on conflict and policy-driven mobility, there is a
growing need to understand how environmental and climatic dynamics influence
the accessibility of routes and the pace of migration.

In South Sudan, where only a small fraction of roads are paved and many
routes are seasonally impassable, rainfall variability and flooding have a direct
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impact on population movement [4]. During the wet season, journeys that take
a few days in dry conditions can extend to several weeks or become entirely
infeasible. Rainfall variability across the country ranges from 700–2,200 mm
per year, with large deviations between the northern and southern regions [5].
These fluctuations have intensified in both frequency and magnitude due to
global climate change [6], significantly altering accessibility and the timing of
displacement events.

Our previous work [7] provided a technical overview of the multiscale agent-
based framework for modelling forced migration, focusing on the coupling be-
tween macro- and microscale simulations and evaluating computational perfor-
mance and validation accuracy. Building on that work, this paper examines a
different aspect of the model by focusing on the role of climate factors in shap-
ing displacement dynamics. Rather than analysing system performance, we pro-
vide a data-driven study of how precipitation and river discharge, derived from
ECMWF ERA5 and GloFAS datasets, influence mobility within the simulation.
In particular, we explain how these variables affect route accessibility, agent
movement, and migration flows, and present updated results that give a clearer
picture of climate–migration interactions. The main contribution of this study is
threefold: (i) deriving hydrological thresholds based on long-term climate data,
(ii) integrating these thresholds into agent movement rules, and (iii) analysing
how climate conditions influence mobility patterns, including travel speed, route
availability, and displacement timing.

This paper examines the 2016–2017 conflict in South Sudan as a case study
to evaluate the impact of weather conditions on displacement patterns. Section
2 reviews related research on environmental migration and data-coupling ap-
proaches. Section 3 describes the integration of weather data into the multiscale
framework and the adaptation of movement rules. Section 4 outlines the simula-
tion design and data sources, followed by the results and discussion in Section 5.
Finally, Section 6 concludes with reflections on model performance and directions
for future work.

2 Background: Climate and Displacement

Agent-based simulation (ABS) has become an established approach for exam-
ining forced-displacement dynamics by modelling individual decision-making
within social and physical environments [8,9,10]. Recent frameworks have demon-
strated the ability to forecast displacement and support humanitarian planning
by incorporating behavioural and demographic factors [11], while advances in
platforms such as Flee 3 have improved modelling flexibility and realism [12].
But, prior work has focused primarily on sociopolitical drivers, such as conflict
intensity and interventions, with less attention to environmental constraints like
flooding or drought. Integrating such factors remains challenging, particularly
in multiscale models requiring interaction between heterogeneous components
[1,13]. Recent studies show that dynamic representations of physical environ-
ments can substantially affect route accessibility and simulation accuracy [14].
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Climatic conditions are increasingly recognised as key modifiers of displace-
ment patterns. Black et al. [15] identified rainfall variability, storms, and tem-
perature rise as contributing factors to population movements, while Ahmed et
al. [16] demonstrated correlations between refugee arrivals and regional weather
anomalies. Recent empirical studies have further shown that extreme weather
events can produce strong nonlinear increases in displacement, highlighting the
sensitivity of mobility to environmental shocks [17]. At a broader scale, climate-
induced stressors such as droughts, floods, and rising temperatures are projected
to displace millions of people, particularly in vulnerable regions of the Global
South [18]. Climate variability can also influence migration indirectly by shap-
ing resource availability, migration flows, and conflict dynamics across African
regions [19]. Nevertheless, direct empirical links between hydrological variables,
such as precipitation intensity or river discharge, and the speed or route selec-
tion of refugees remain rare [20]. Most existing research examines how climate
change influences conflict dynamics, rather than how climatic conditions affect
displacement patterns and mobility once conflict-driven migration has begun.
For example, Abel et al. [21] showed that lower precipitation levels increase the
likelihood of conflict, indirectly contributing to displacement, while studies in the
Sahel region highlight how environmental pressures exacerbate instability and
migration risks [22]. Conceptual and methodological challenges further compli-
cate the analysis of climate-induced displacement. Reviews of climate migration
research emphasise uncertainties in defining displacement and distinguishing be-
tween environmental drivers and broader socio-political factors [23]. Moreover,
recent assessments stress the importance of treating climate, conflict, and mi-
gration as interconnected components of a complex system, requiring integrated
modelling approaches to capture their interactions effectively [24]. Simulation-
based optimisation and decision-support approaches have also demonstrated the
value of integrating environmental and logistical factors to improve humanitarian
planning and resource allocation [25].

The underlying multiscale coupling mechanisms and baseline architecture
used here were first introduced in [7]. While climate variability may not be the
primary cause of displacement, it can substantially influence mobility pathways
by altering route accessibility and travel conditions. However, these environmen-
tal constraints remain insufficiently represented in existing displacement models,
which rarely account for their dynamic effects on movement after conflict-driven
migration has begun. To address this gap, the present study builds on the existing
multiscale framework to analyse how precipitation and river-discharge conditions
affect route accessibility and travel times for refugees in South Sudan, providing
a more detailed characterisation of climate-modulated mobility patterns within
forced-displacement simulations.

3 Systematic Climate Data Integration Approach

The model is constructed following the Simulation Development Approach (SDA)
introduced by Suleimenova et al. [26]. This structured workflow supports the
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stepwise creation, calibration, and validation of agent-based simulations of forced
displacement. Conflict events and population data are obtained from the Armed
Conflict Location and Event Data Project (ACLED) [27] and UNHCR statis-
tics, while road networks and settlement coordinates are retrieved from Open-
StreetMap. These inputs are identical in structure to those used in the earlier
framework. The underlying implementation of the SDA for multiscale coupling
was previously detailed in our ICCS 2021 paper [7]. The present study comple-
ments our 2021 work by addressing the same modelling problem while focusing
on different aspects of its implementation. Specifically, we provide a detailed ac-
count of the algorithmic structure and integration of dynamic precipitation and
river discharge data, clarifying their role in shaping migration dynamics within
the Flee framework.

3.1 Climate Data Processing and Coupling

Weather and hydrological information were incorporated through an acyclic
(one-way) coupling with ECMWF ERA5 reanalysis and Global Flood Awareness
System (GloFAS) datasets, accessed via the Copernicus Climate Data Store. This
integration improves the physical realism of the simulation by allowing route ac-
cessibility and agent speed to vary dynamically with daily climatic conditions.
Full details of the data extraction and preprocessing workflow are provided in
our previous study [7].

To derive representative precipitation thresholds, forty years of ERA5 data
were analysed to capture rainfall variability across South Sudan. Data for the
simulation period (1 June 2016–31 July 2017) were aggregated to daily totals
and processed for regional parameterisation, with separate datasets for the Upper
Nile, Jonglei, and Gambela regions to reflect spatial heterogeneity. ERA5 precip-
itation data were used at a spatial resolution of 0.25° × 0.25° over 4.5–11.75° N
and 29.5–35.25° E [28], including the number of rainy days per month (N) and
total precipitation (tp). Hydrological data were obtained from the GloFAS re-
analysis [29], providing daily discharge rates for the same domain, along with 2-,
5-, and 20-year return-period discharge values for the White Nile basin.

Together, these datasets form the climate-coupling layer of the simulation.
During runtime, precipitation and discharge thresholds dynamically adjust agent
speed and route accessibility, enabling the model to capture seasonal flooding ef-
fects on movement. Figure 1 shows the updated agent decision-making flowchart
in the Flee framework, illustrating how the multiscale context from [7] is im-
plemented and how climatic variables are integrated into movement decisions.
Unlike our earlier work, which focused on the coupling architecture, this study
examines the behavioural implications, analysing how climate-driven constraints
shape agent mobility and emergent displacement patterns.

4 Evidence-Based Climate Impact Rules

South Sudan has a tropical climate with a wet season extending roughly from
March to October and a dry season from November to February. Annual rain-
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Fig. 1: Overview of the agent decision-making algorithm in Flee, incorporating
the multiscale context [7] as well as the river discharge and precipitation com-
ponents.
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fall ranges from 700–1,300 mm in the northern regions to 1,200–2,200 mm in
the southern uplands, with most precipitation occurring during the wet season.
Flooding, particularly between July and September, constitutes the country’s
most severe natural hazard. Intense rainfall frequently causes the Nile and its
tributaries to overflow, disrupting transportation and displacing local popula-
tions. According to the United Nations Office for the Coordination of Human-
itarian Affairs (OCHA), about 625,000 people were affected by flooding along
the White Nile between July and September 2020. This context underscores the
relevance of analysing how precipitation and river discharge influence refugee
mobility and accessibility, forming the empirical basis for integrating climate
dynamics into displacement simulations.

To parameterise the hydrological component of the movement algorithm,
we analysed historical river-discharge records from GloFAS. Hourly discharge
data along the White Nile revealed substantial variability between typical rainy-
season conditions, such as September 2016, and major flood episodes, such as
September 2020, during which average flow rates tripled at several monitoring
locations. These observations informed the calibration of the movement rules
used in the climate-coupled simulation.

4.1 Precipitation-Based Thresholds

Two statistical thresholds, X1 and X2, were derived from forty years of ERA5
precipitation data to capture the relationship between rainfall intensity and mo-
bility constraints. When total precipitation at a given location is below 15%
of its long-term mean (tp < X1), agent speed remains unchanged, representing
normal travel conditions. For moderate rainfall, where precipitation lies between
15% and 75% of the average (X1 ≤ tp < X2), agents experience reduced mobil-
ity by doubling the effective route distance, thereby halving their speed. When
precipitation exceeds 75% of the mean (tp ≥ X2), the corresponding route is
treated as impassable and temporarily closed. This rule set, illustrated schemat-
ically in Figure 1, captures the nonlinear relationship between rainfall intensity
and mobility.

4.2 River-Discharge Threshold

A discharge threshold of 8,000 m3/s was established for the White Nile based on
long-term GloFAS reanalysis records. When simulated river discharge at a route
midpoint exceeds this threshold, the corresponding connection is deactivated to
represent the flooding of crossings or low-lying roads. Historical analysis indi-
cates that during major flood years, discharge values can surpass the multi-year
mean by a factor of three, consistent with field observations and satellite-derived
flood extents. This empirical threshold ensures that the model captures the hy-
drological constraints that strongly influence accessibility during extreme flood
events.
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4.3 Operational Coupling Workflow

The climate-coupling routine operates through both pre-processing and runtime
integration between the processed ERA5 and GloFAS datasets and the multiscale
migration model. Following the data-processing pipeline outlined in Section 3,
daily precipitation and discharge values are interpolated to the midpoints of each
route segment and stored as structured input files. During each simulation time
step, the model dynamically retrieves these values to evaluate local environmen-
tal conditions. Based on the predefined precipitation and discharge thresholds,
agent speed is adjusted or affected links are temporarily deactivated, embed-
ding environmental feedback into route selection. Unlike our earlier coupling
study [7], which focused primarily on system-level inter-model communication,
the present study does not introduce new algorithmic components but instead
analyses agent-level logs to provide a more detailed examination of how climatic
conditions shape simulated mobility patterns.

5 Results and Discussion

The present study revisits the multiscale agent-based simulation framework in-
troduced in our previous work [7], implemented using the Flee toolkit [26], and
examines it from a different analytical perspective. The earlier study focused on
validation error, execution time, and coupling overhead, showing that the multi-
scale framework reduced validation error by approximately 31% compared to a
single-scale baseline while maintaining similar computational cost. Although the
inclusion of precipitation and discharge coupling had limited impact on valida-
tion accuracy, it increased runtime due to the processing of time-varying climatic
inputs. A detailed breakdown of these performance metrics, including both file-
based and MUSCLE3-based coupling modes, is provided in [7]. In contrast, the
current study shifts the focus from performance evaluation to behavioural and
environmental dynamics, examining how route accessibility and agent speed vary
with precipitation and river-discharge conditions, and analysing the implications
of these climate-driven constraints on mobility patterns.

5.1 Climatic Variability and Mobility Patterns

To examine how climatic variability shapes population mobility, we analysed
correlations between daily precipitation intensity and several displacement in-
dicators generated by the simulation. These plots link precipitation with newly
displaced populations, active movers, and mean travel distances, showing how
rainfall fluctuations influence both the initiation and persistence of displacement
behaviour.

Figure 2 illustrates the relationship between average daily precipitation and
the number of newly displaced individuals. Each point represents a single day,
with colour indicating temporal progression and the dashed line showing the
fitted linear trend. The results show substantial variability at low precipitation
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levels, where both small and large displacement events occur, while higher pre-
cipitation is associated with a slight decline in displacement. This suggests that
although rainfall may coincide with displacement events, increased precipitation
constrains mobility by reducing route accessibility, highlighting the nonlinear
influence of rainfall on displacement dynamics.
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Fig. 2: Comparative correlations between average daily precipitation and newly
displaced population.

Figure 3 shows the relationship between average daily precipitation and the
number of active movers in the simulation, expressed in people-equivalent units
(1 agent = 100 people). Each point represents a single simulation day, linking
rainfall intensity to the size of the population in transit within the total simulated
population of 567,100 people. High mobility occurs mainly under low to moderate
precipitation, while heavier rainfall is associated with reduced and fragmented
movement levels, indicating that increased precipitation constrains continued
travel by limiting route accessibility.

Figure 4 shows the relationship between average daily precipitation and the
mean distance travelled by agents in the simulation. Each point represents a
single day, linking rainfall intensity to average mobility. Longer travel distances
occur mainly under low to moderate precipitation, while heavier rainfall is asso-
ciated with shorter distances, indicating that increased precipitation constrains
movement by reducing travel speeds and route accessibility.

Figure 5 presents a temporal comparison of newly displaced populations and
average daily precipitation using a dual-axis time series. The overall correlation
is weak (correlation coefficient = -0.100), indicating that rainfall alone is not
a strong linear predictor of displacement magnitude, which is expected given
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Fig. 3: Relationship between average precipitation and active movers (people-
equivalent; 1 agent = 100 people). Each point represents one simulation day
within the total population of 567,100 people.
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Fig. 4: Comparative correlations between average daily precipitation and average
travel distance.

that conflict remains the primary driver. Despite this, a clear seasonal pattern
emerges: displacement increases during drier periods when routes are accessible
and declines during wetter periods as rainfall and flooding constrain mobility.
This highlights an important distinction: precipitation does not directly trigger
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displacement but modulates when and how movement occurs by affecting route
accessibility. The weak correlation therefore reflects the nonlinear and indirect
role of climate factors, which act as constraints on mobility rather than pri-
mary drivers, shaping displacement through threshold effects and accessibility
limitations rather than simple linear relationships.
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Fig. 5: Temporal comparison of newly displaced population and average pre-
cipitation (dual-axis plot). Synchronised peaks indicate the strong influence of
rainfall intensity on displacement magnitude.

Figure 6 presents a daily comparison of river discharge and displacement
along the Tonga–Malakal corridor, showing an inverse relationship between river
flow and crossings. During periods of high discharge, few crossings occur due to
limited accessibility, while declining water levels correspond to increased move-
ment as routes become passable. Overall, the figure demonstrates that river
discharge acts as a temporary environmental constraint, shaping the timing and
pathways of conflict-driven displacement.

5.2 Discussion

The findings indicate that climatic variability influences forced displacement
by regulating mobility rather than directly initiating departures. While conflict
remains the primary driver of displacement onset, precipitation and river dis-
charge shape how movement unfolds by affecting route accessibility and travel
speeds. These effects are nonlinear: moderate rainfall allows continued, though
slower, movement, whereas intense precipitation or high discharge can fragment
the transport network through temporary link closures. Climate therefore acts
less as a trigger and more as a regulator of the timing, direction, and speed of
displacement, factors that are critical for humanitarian forecasting and response
planning.

Synthesising the cross-figure analyses, three climate-modulated mobility regimes
emerge (Table 1). Under dry conditions, low precipitation and discharge main-
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Fig. 6: Daily newly displaced population and river discharge levels along the
Tonga–Malakal route (dual-axis plot), illustrating the association between river
discharge and cross-river mobility.

tain high network connectivity, enabling higher departure rates, longer travel dis-
tances, and sustained flows. In moderately wet conditions, movement slows but
remains largely continuous. In contrast, extreme wet conditions—characterised
by heavy rainfall and/or high discharge—lead to route fragmentation, corridor
closures, and constrained accessibility, resulting in disrupted movement, reduced
departures, and delayed arrivals. Framing these dynamics as regimes, rather than
linear relationships, highlights threshold effects and structural transitions that
are important for anticipating when displacement may accelerate, slow down, or
temporarily stall.

Table 1: Climate-modulated mobility regimes identified in the simulation.
Regime Climatic State Mobility Response System Effect
Dry Low precipitation

Low river discharge
High departure rates
Long-distance travel
Sustained flows

Rapid spatial expansion

Moderate
Wet

Moderate rainfall Reduced travel speeds
Continued connectivity

Delayed but ongoing
displacement

Extreme
Wet

Heavy precipitation
Elevated river discharge

Link closures
Route fragmentation
Constrained accessibility

Bottlenecks
Delayed arrivals

These regime dynamics are observable at both seasonal and corridor scales.
Temporally, displacement intensifies during drier periods when routes remain
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accessible, suggesting predictable windows of accelerated arrivals at destination
sites. Conversely, wet-season conditions are associated with slower flows and po-
tential accumulation of populations along partially blocked corridors. Although
acute conflict events may generate short-lived surges during heavy rainfall, such
spikes are rarely sustained when environmental barriers persist. Spatially, the
Tonga–Malakal corridor demonstrates how hydrological thresholds create action-
able bottlenecks: high river discharge suppresses crossings, while declining water
levels rapidly restore connectivity and can trigger sudden surges in movement.
From a forecasting perspective, monitoring discharge levels and seasonal precip-
itation trends can therefore provide early indications of impending slowdowns
or renewed flows.

The practical value of climate coupling is not fully captured by aggregate
validation metrics. Although incorporating weather data yields only modest im-
provements in overall arrival error, it substantially enhances anticipatory insight.
By explicitly representing route closures, reduced travel speeds, and seasonal de-
lays, the model identifies periods when populations are likely to experience inter-
rupted journeys or extended transit times. This information is directly relevant
for humanitarian logistics, including pre-positioning of supplies, camp capacity
planning, transport coordination, and timing of field deployments. In this con-
text, climate coupling improves operational preparedness even when statistical
performance gains are moderate.

This added decision relevance comes at a computational cost. Integrating
time-varying precipitation and discharge increases runtime by approximately
6.4×, primarily due to repeated data access, interpolation, and threshold evalua-
tion across the network. While suitable for retrospective analysis and scenario ex-
ploration, this overhead constrains large ensemble simulations or near-real-time
deployment. Targeted optimisation strategies, such as in-memory data storage,
spatial indexing, caching, and parallel processing, could reduce computational
burden and enhance feasibility for operational forecasting settings.

The framework is transferable to other regions, provided that climate thresh-
olds are locally calibrated. Parameters derived for South Sudan reflect its rainfall
regimes, terrain characteristics, and infrastructure conditions and may not gen-
eralise to areas with paved road networks, mountainous topography, or distinct
hydrological behaviour. Applying the same evidence-based calibration process to
region-specific climate records would maintain methodological consistency while
ensuring contextual reliability for humanitarian use.

Several limitations should be acknowledged. First, the absence of detailed
ground-truth data on route choice and movement behaviour under different
weather conditions limits the extent to which the model can be directly vali-
dated at the corridor level. Second, the use of simplified thresholds and static
route representations may not fully capture the complexity of terrain, infras-
tructure quality, and local travel behaviour. Third, while the South Sudan case
provides a realistic and relevant setting, the derived thresholds and mobility pat-
terns are context-specific and may not directly generalise to other regions with
different environmental conditions, road networks, or infrastructure. Applying
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this approach elsewhere would therefore require careful recalibration using local
data. Addressing these limitations in future work would improve the robustness
and transferability of the model.

6 Conclusion

This study introduced a systematic framework for integrating climatic variabil-
ity into agent-based simulations of forced displacement. By coupling long-term
precipitation and river-discharge data with a multiscale migration model, we
demonstrated how environmental conditions shape mobility through dynamic
changes in route accessibility and travel speeds. Applied to the 2016–2017 con-
flict in South Sudan, the climate-coupled simulations reveal that rainfall and
flooding do not primarily determine whether populations flee, but instead regu-
late when, where, and how far they can travel. These effects manifest as seasonal
slowdowns, route-level bottlenecks, and constrained movement during periods of
high hydrological stress. Although climate coupling increases computational cost,
it substantially improves the process realism and interpretability of displacement
dynamics. By explicitly representing weather-driven accessibility constraints, the
model provides insights that are directly relevant for humanitarian planning,
including the identification of delayed movements and potential vulnerability
windows along critical routes.

The main contributions of this work are threefold: (i) a reproducible Simu-
lation Development Approach for embedding environmental data into displace-
ment models, (ii) evidence-based threshold rules derived from four decades of
reanalysis data, and (iii) an empirical demonstration of how climate factors al-
ter displacement pathways and timings in practice. Together, these advances
establish a transferable foundation for climate-aware modelling of forced mi-
gration. Future research should focus on strengthening empirical validation,
refining context-sensitive mobility rules, and extending the framework toward
operational forecasting. More broadly, integrating environmental processes into
behavioural migration models represents an essential step toward realistic, data-
driven tools for anticipating and managing displacement in a changing climate.
These insights are particularly relevant for humanitarian organisations, as they
highlight when and where mobility constraints are likely to occur and support
more effective planning of interventions.
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