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Abstract. In many flood-prone areas, it is essential for emer-
gency responders to use advanced computer models to as-
sess flood risk and develop informed flood evacuation plans.
However, previous studies have had a limited understanding
of how evacuation performance is affected by the arrange-
ment of evacuation shelters (with respect to their number
and geographical distribution) and human behaviors (with re-
spect to the heterogeneity of household evacuation prepara-
tion times and route-searching strategies). In this study, we
develop an integrated socio-hydrological modeling frame-
work that couples (1) a hydrodynamic model for flood sim-
ulation, (2) an agent-based model for evacuation manage-
ment policies and human behaviors, and (3) a transporta-
tion model for simulating household evacuation processes in
a road network. We apply the model to the Xiong’an New
Area and examine household evacuation outcomes for vari-
ous shelter location plans and human behavior scenarios. The
results show that household evacuation processes are signif-
icantly affected by the number and geographical distribution
of evacuation shelters. Surprisingly, we find that establish-
ing more shelters may not improve evacuation results if the
shelters are not strategically located. We also find that low
heterogeneity in evacuation preparation times can result in
heavy traffic congestion and long evacuation clearance times.
If each household selects their own shortest route without
considering the effects of other evacuees’ route choices, traf-

fic congestion will likely occur, thereby reducing system-
level evacuation performance. These results demonstrate the
unique functionality of our model with respect to support-
ing flood risk assessment and advancing our understanding
of how multiple management and behavioral factors jointly
affect evacuation performance.

1 Introduction

Flooding is one of the most devastating natural disasters
and can lead to a significant number of fatalities, social and
economic disruptions, property and infrastructure damage,
and environmental degradation around the world (Smith and
Matthews, 2015; McClymont et al., 2020; Brunner et al.,
2020; Tanoue et al., 2016; Kreibich et al., 2014; Wang et al.,
2019). The global flood database shows that the global flood
inundation land area is approximately 2.23 x 10% km?, with
255-290 million people being directly affected by floods
(Tellman et al., 2021). Flood-related economic damage in-
creased globally from USD 94 billion in the 1980s to more
than USD 1 trillion in the 2010s (Hino and Nance, 2021).
Furthermore, the severity, duration, and frequency of dam-
aging floods are expected to continue to increase in the fu-
ture due to changes in climate, land use, and infrastructure
(Jongman et al., 2012; Moulds et al., 2021; Wedawatta and
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Ingirige, 2012; Tellman et al., 2021). In many areas facing
flood threats, it is essential for emergency responders and
decision-makers to use advanced computer models to assess
the flood risk and to establish effective disaster-mitigation
plans (Simonovic and Ahmad, 2005).

Before an extreme flood occurs, evacuation is a critical
emergency preparedness measure and a common practice be-
cause it is impractical and/or economically costly to con-
struct the necessary infrastructure to resist floods (Wang et
al., 2016; Liu and Lim, 2016; Islam et al., 2020; Kreibich
et al., 2015). However, studies have shown that emergency
evacuation is a complex and dynamic process that can be af-
fected by factors from a wide range of interdisciplinary do-
mains (Zhuo and Han, 2020; Hasan et al., 2011; Huang et
al., 2012; Chen et al., 2021; Sung et al., 2018). These factors
include but are not limited to (1) the accuracy, lead time, and
sources of flood early warnings as well as the broadcasting
channels through which flood information is disseminated to
the affected population (Shi et al., 2020; Verkade and Werner,
2011; Alonso Vicario et al., 2020; Palen et al., 2010; Nester et
al., 2012; Goodarzi et al., 2019); (2) the infrastructure and en-
gineering facilities needed for emergency evacuation, which
are influenced by the accessibility of transportation networks,
road capacity, and locations of evacuation zones (Mostafizi et
al., 2017; Chen and Zhan, 2008; Saadi et al., 2018; Mostafizi
et al., 2019; Koch et al., 2020; Oh et al., 2021; Liu and Lim,
2016); and (3) demographic attributes and household behav-
ioral characteristics, such as residents’ beliefs and risk per-
ception, previous knowledge, social networks, and past expe-
rience with flood events (Hofflinger et al., 2019; Huang et al.,
2017; Lindell et al., 2020; Wang and Jia, 2021; Shahabi and
Wilson, 2014; Du et al., 2017). These studies highlight the
need to develop comprehensive socio-hydrological modeling
tools that can adequately incorporate various factors and pro-
cesses to support flood management plans in the context of
coupled flood—human systems.

Among the many emergency management policies and
plans that can be implemented, appropriate shelter location
arrangement is essential for massive evacuation operations.
City planners and policy-makers need to identify safe areas
outside of flood inundation regions as feasible shelter loca-
tions for households who live in at-risk areas. Some studies
have explored the criteria for shelter location arrangement
and evacuation planning (Alcada-Almeida et al., 2009; Nappi
and Souza, 2015; Bayram et al., 2015; Li et al., 2012; Alam
et al., 2021). For instance, Bayram et al. (2015) developed
an optimization model to allocate evacuation sites and assign
each evacuee to the nearest shelter, with the objective of min-
imizing the total evacuation time. However, in their study,
each evacuee’s travel time was estimated based on a sim-
ple traffic volume—travel time function, which was not able
to fully represent evacuees’ complex interactions in a road
network. Liu and Lim (2016) applied spatial analysis meth-
ods to assign shelters to households, considering the spatial
relationships between households and shelter sites. A limi-
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tation of their study was that evacuee’s travel time was ob-
tained from a simplified traffic model, and the road network
was not well represented in the network analysis. In a recent
study, Alam et al. (2021) used a massive traffic simulation
model and a multiple-criteria evaluation method to identify
candidate evacuation shelters; they considered environmen-
tal conditions, structural attributes, emergency services, and
transportation factors. However, the aforementioned study
focused on obtaining a suitability score for each candidate
shelter site with various weighting factors, yet failed to exam-
ine the extent to which evacuation performance could be af-
fected by the number of shelters and their geographical distri-
bution in the community. Thus, current studies have left a re-
search gap that warrants efforts to use physically based flood
simulation models to identify safe areas as feasible shelter lo-
cations and, more importantly, to use transportation models
to address the following question: how is evacuation perfor-
mance affected by the number and geographical distribution
of evacuation shelter locations? This is the major research
question that we seek to explore in this study.

The second research question to be explored in this study
is associated with the role played by human behaviors in
evacuation processes, which is an important research direc-
tion in disaster management (Aerts et al., 2018; Simonovic
and Ahmad, 2005; Urata and Pel, 2018). After receiving
flood evacuation warnings, households will make decisions
based on flood risk information, spend some time complet-
ing a set of preparation tasks, and then evacuate to safe ar-
eas. Among these decisions and behaviors, households’ evac-
uation preparation times (i.e., from the time that they re-
ceive flood evacuation orders to the time they start to evac-
uate via a road network) play an important role in evacua-
tion performance. Many empirical studies have examined the
geographic, demographic, and behavioral factors that affect
households’ preparation times (Lindell et al., 2005, 2020;
Huang et al., 2012, 2017; Chen et al., 2021). They found
that household evacuation preparation times can vary signifi-
cantly from one household to another, exhibiting a certain de-
gree of behavioral heterogeneity in a community (Lindell et
al., 2005, 2020; Rahman et al., 2021). As a result, we hypoth-
esize that the heterogeneity in households’ evacuation prepa-
ration times affects traffic flow in the corresponding road net-
work and, consequently, influences the final evacuation out-
comes. However, few studies have explicitly examined how
traffic conditions and evacuation performance are affected by
different degrees of heterogeneity in evacuation preparation
times (Wang et al., 2016). Hence, this is the second question
that we aim to explore in this study.

Furthermore, in this work, we also seek to assess how
evacuation processes are affected by households’ evacuation-
route-searching strategies, a process that involves emergency
responders and policy-makers. Previous studies have typi-
cally applied the shortest-distance route-searching method
to simulate how evacuees find evacuation routes from their
original locations to evacuation destinations (He et al., 2021;
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Bernardini et al., 2017; Du et al., 2016; Li et al., 2022).
However, each evacuee’s search for the shortest evacuation
path may not ensure system-level evacuation outcomes. In
this study, we focus on comparing the evacuation scenario
in which each household chooses the shortest path for evac-
uation with the scenario in which system-level global opti-
mal routes are assigned to the evacuees. Such comparative
analyses are expected to provide policy implications in terms
of evacuees’ route selections to improve evacuation perfor-
mance during natural disasters.

Motivated by the above research questions and knowledge
gaps, we develop an integrated socio-hydrological modeling
framework in this study that couples (1) a physically based
hydrodynamic model (MIKE 21) for flood inundation simu-
lation, (2) an agent-based model (ABM) for simulating flood
management plans and human behaviors, and (3) a large-
scale traffic simulation model (MATSim) for simulating
households’ evacuation processes in a road network. Specif-
ically, the hydrological component of the socio-hydrological
modeling framework is represented by the MIKE 21 model,
which simulates flood inundation processes across space and
over time in a flood-prone area for a given storm event.
The simulation results of the MIKE 21 model can provide
flood risk information and will be used by policy-makers
to make flood management plans. The social component
of the modeling framework is represented by an ABM and
MATSim, which simulate policy-makers’ flood management
plans, households’ responses to flood management plans, and
households’ collective evacuation activities in the road net-
work. By coupling the three models, our modeling frame-
work is capable of simulating a wide range of components
and processes in a coherent manner to support flood evacua-
tion management.

We apply the modeling framework to the Xiong’an New
Area, a large residential area with a high risk of flooding in
northern China. Using a 100-year flood hazard as an exam-
ple, a set of scenario analyses are conducted to explore how
residents’ evacuation processes are jointly affected by man-
agement policies (i.e., the number and geographical distri-
bution of evacuation shelter locations) and human behaviors
(i.e., the heterogeneity in households’ evacuation prepara-
tion times and route-searching strategies). This study aims
to provide both modeling and policy implications for re-
searchers and emergency responders to develop advanced
socio-hydrological modeling tools for flood risk assessment
and to improve the overall understanding of how flood evacu-
ation performance is jointly affected by various management
and behavioral factors.

The remainder of this paper is organized as follows: Sect. 2
presents the modeling framework; Sect. 3 introduces the case
study site, model construction, and scenario design; Sect. 4
presents the modeling results; Sect. 5 discusses the insights,
limitations, and future research directions of this study; and
conclusions are given in Sect. 6.
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Figure 1. Illustration of the integrated modeling framework that
couples an ABM for simulating household decision-making and
emergency responders’ flood management policies, a transportation
model for simulating residents’ evacuation processes in a road net-
work, and a hydrodynamic model for simulating flood inundation
processes.

2 Methodology

This section introduces the integrated modeling framework
of this study. As illustrated in Fig. 1, the modeling framework
consists of three models: (1) an ABM for simulating house-
hold decision-making and emergency responders’ flood man-
agement policies, (2) a transportation model for simulating
residents’ evacuation activities in a road network, and (3) a
hydrodynamic model for simulating flood inundation pro-
cesses. A detailed introduction to the three models and their
coupling methods are described in turn in the following.

2.1 The ABM for human decision-making during flood
events

In this study, an ABM is developed to simulate the govern-
ment’s disaster management plans and residents’ flood evac-
uation behaviors. Therefore, two types of agents are consid-
ered in the ABM: (1) an emergency responder (Type-I agent)
and (2) the set of households (Type-II agents). These agent
types are described in turn below.

An emergency responder agent is a government institution
that makes flood management plans. As shown in Fig. 1, we
specifically consider two flood management decisions: (1) is-
suing a flood evacuation order to the residents who live in
flood-prone areas and (2) shelter arrangement (i.e., decid-
ing upon the number and location of evacuation zones that
should be used to protect evacuees from flood hazards). Note
that other management practices (e.g., sandbagging and levee
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construction) are also important flood management measures
that are not explicitly discussed in this work.

In this study, each household is represented by an au-
tonomous decision unit (i.e., an agent), under the assumption
that all family members in a household typically evacuate
using a shared mode of transportation after communicating
with each other and arriving at a final evacuation decision
(Du et al., 2016). After receiving evacuation orders, an agent
will spend some time completing a set of evacuation prepa-
ration tasks and then evacuate from the household location
to a chosen evacuation destination. The following three de-
cisions and/or behaviors are explicitly considered during this
process.

The first decision is the selection of an evacuation shelter
if multiple shelter options are available. During evacuation
processes, the agents seek to evacuate to safe areas as soon
as possible, aiming to minimize their travel time. However,
during an emergency situation, it is unclear and/or quite chal-
lenging for the agents to assess which shelter can ensure the
shortest traveling time due to, for example, uncertainties in
the real-time traffic conditions and traffic load (e.g., the num-
ber of evacuating agents on the road). Here, we follow the
classic approach to evacuation simulation and assume that
an agent focuses on choosing the shortest route from their
original location to a safe area, thereby choosing the geo-
graphically nearest shelter in the system as their evacuation
destination. Based on the above reasons, we assume that an
agent will choose the evacuation shelter that is located the
shortest geographical distance from their residential location.

The second decision is associated with evacuation prepara-
tion activities (e.g., gather family members, pack bags, board
up windows, and shut off utilities). These activities are ag-
gregated and represented by a behavioral parameter called
“evacuation preparation time”. This parameter measures how
long it takes an agent to prepare for evacuation and is indi-
cated by the interval between the time that an agent receives
an evacuation order and the time that they start to evacuate
via a road network. Previous studies have shown that house-
holds’ evacuation preparation times are influenced by both
psychological and logistical preparation tasks, which may
vary among agents, with noticeable behavioral heterogene-
ity, even at the community scale (Lindell et al., 2020, 2005;
Wang et al., 2016). In this study, the heterogeneity in agents’
evacuation preparation times is represented by the variation
(i.e., standard deviation) in the evacuation preparation times
of all households, and we explicitly examine the role of hu-
man behavioral heterogeneity in community evacuation out-
comes.

The third decision is related to agents’ route selection
strategies during evacuation processes. In a complex road
network, an agent may have multiple route choices from
their original location to a destination. We assume that
all of the agents have good knowledge of the road net-
work in their community. Thus, two route-searching meth-
ods are incorporated into the model: (1) the shortest-distance

Hydrol. Earth Syst. Sci., 27, 1607-1626, 2023

E. Du et al.: A socio-hydrological model for flood evacuation

route-searching method (Mode 1) and (2) the system-level
optimization-based route-searching method (Mode 2). In the
shortest-distance route-searching method, each agent seeks
to reduce their evacuation time without considering the ef-
fects of other agents’ evacuation route selections. The agents
focus on finding the shortest route from their current loca-
tion to the selected evacuation destination in the road net-
work (Gallo and Pallottino, 1988; Fu et al., 2006; Li et al.,
2022). Therefore, an agent’s choice of evacuation route in
Mode 1 will not be affected by their departure time, as they
will always choose the shortest route regardless of the time
at which they started to evacuate. The optimization-based
route-searching method (Mode 2) adopts a heuristic iterative
method to optimize all of the agents’ collective evacuation
routes so that system-level evacuation efficiency is achieved
(Zhu et al., 2018; He et al., 2021). In contrast with Mode 1,
an agent’s evacuation route in Mode 2 is affected by real-time
traffic condition and the evacuation status of other agents.
Therefore, an agent’s evacuation route in Mode 2 might be
different if they begin evacuation at different times.

It is worth noting that agents will typically focus on reduc-
ing their own travel time and, therefore, do not necessarily
consider system-level evacuation efficiency. With respect to
the above two route-searching modes, Mode 1 represents the
case in which every agent in the system focuses on achiev-
ing individual-level evacuation efficiency (i.e., chooses the
shortest route for evacuation), whereas Mode 2 represents
the case in which system-level evacuation efficiency is im-
portant (i.e., all of the agents’ route choices are optimized
at the system level). In this regard, Mode 1 is the baseline
evacuation scenario and Mode 2 is the benchmark scenario.
The results of Mode 2 can be used to assess the extent to
which the evacuation outcome of Model 1 can be improved
by changing agents’ route choices. Policy-makers can com-
pare the results of the two modes to improve evacuation per-
formance by, for example, providing recommended evacua-
tion routes for agents who may encounter and/or cause severe
traffic congestion during their evacuation processes. Based
on the above three decisions and behaviors, all of the agents’
movements and interactions in the road network are incorpo-
rated into a transportation model, which is described in the
following section.

2.2 Transportation model for large-scale evacuation
simulation

As mentioned in Sect. 2.1, after an agent decides to evacuate,
they will move from their (household) location to a chosen
evacuation destination via the traffic network. During evacu-
ation processes, an agent interacts with other agents and with
the environment to adjust their movement in the road net-
work over time. There are a number of modeling platforms
and software packages used to model agents’ evacuation pro-
cesses. These include the Network Explorer for Traffic Anal-
ysis (NEXTA), the Transportation Analysis and Simulation
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System (TRANSIMS), the Planung Transport Verkehr (PTV)
VISSIM, the City Traffic Simulator (CTS), and the Multi-
Agent Transport Simulation (MATSim) model (Mahmud and
Town, 2016; Lee et al., 2014; Murray-Tuite and Wolshon,
2013).

This study applies MATSim to simulate agents’ evacuation
processes. MATSim is a widely used open-source software
for large-scale transportation simulation. The model can pro-
vide detailed information about each agent’s movements in
a road network (Horni, 2016; Lammel et al., 2010; Zhuge
et al., 2021). As shown in Fig. 2, MATSim requires a vari-
ety of data as model inputs. The plan data include the ini-
tial locations, evacuation destinations, and departure times
of all agents, and these data can be retrieved from agents’ at-
tributes and evacuation decisions in the ABM. The network
data describe the attributes of the road network, such as the
geographical structure of the road network, the number of
lanes of each road, and road segment lengths, and speed lim-
its. These data are available from local or regional govern-
ment institutions (e.g., the Department of Transportation) or
from online data retrieval platforms such as OpenStreetMap
or Google Maps (Farkas et al., 2014). Finally, the config input
includes a model execution engine that defines a set of global
model environments. Three modules, namely, an execution
module, a scoring module, and a replanning module, are in-
corporated into MATSim for transportation simulation. This
model has been widely used by researchers and practition-
ers to support evacuation planning and simulation for vari-
ous types of natural disasters, such as earthquakes (Koch et
al., 2020), hurricanes (Zhu et al., 2018), tsunamis (Muham-
mad et al., 2021), and floods (Saadi et al., 2018). For more
details about MATSim and its applications in transportation
simulation, the reader is referred to the studies of Lammel et
al. (2009) and Horni (2016).

2.3 The hydrodynamic model for flood inundation
simulation

Information on flood inundation processes (e.g., flood extent
and water level) is essential for governments and the public
to make flood management and evacuation decisions. Hydro-
dynamic models are important tools for simulating the timing
and duration of flood dynamics by solving a set of mathemat-
ical equations that describe fluid motion (Guo et al., 2021).
There are many hydrodynamic models available for flood dy-
namics simulation. These include but are not limited to HEC-
RAS, MIKE 11, MIKE 21, JFlow, TRENT, TUFLOW, and
Delft3D (Teng et al., 2017).

Following our prior work (Wu et al., 2021), we use the
classic MIKE 21 hydrodynamic model to simulate flood in-
undation processes in a floodplain. MIKE 21 numerically
solves the two-dimensional shallow water equations to ob-
tain water levels and flows across space and over time in var-
ious watershed environments, such as rivers, lakes, estuar-
ies, bays, and coastal areas. MIKE 21 has been widely used
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to simulate flood inundation processes on many floodplains
across the world and is considered one of the most effec-
tive modeling tools for flood risk mapping, flood forecasting,
and scenario analysis (Nigussie and Altunkaynak, 2019; Pa-
paioannou et al., 2016). Interested readers may refer to our
prior work (Wu et al., 2021) for detailed introductions to
the construction, calibration, and validation of the MIKE 21
model in the specific study area.

2.4 Model integration and flowchart of the modeling
framework

In the prior sections (Sect. 2.1-2.3), the structures and func-
tionalities of the three models were introduced; this section
introduces how they are coupled in an integrated modeling
framework. Previous studies have shown that computer mod-
els can be coupled in either a loose or a tight manner (Harvey
et al., 2019; Bhatt et al., 2014; Murray-Rust et al., 2014; Du
et al., 2020; Li et al., 2021). The former refers to models that
are linked together by input—output data interfaces — that is,
the output of one model is used as the input of another model.
In contrast, for the latter, a model uses a common data pool
and workload to exchange data among multiple model com-
ponents, and, as a result, components affect each other during
modeling processes.

In this study, both the loose and tight coupling meth-
ods are employed to combine the three models. Specifi-
cally, MIKE 21 is coupled with the ABM and MATSim in
a loose manner, whereas the ABM and MATSim are cou-
pled in a tight manner. The model-coupling process and
flowchart of the integrated model are illustrated in Fig. 3.
First, MIKE 21 simulates flood inundation processes for a
specific flood event (e.g., a 100-year flood). The modeling
results of MIKE 21 are then used to assess the inundated
area and affected households in the flood zone, which are
used as input data for the ABM and MATSim. Next, based
on the modeling results of MIKE 21, two types of agents in
the ABM are generated. The household agents who are lo-
cated in the flood zone will receive flood warnings from an
emergency responder agent and make evacuation decisions.
Finally, all of the agents’ movements and evacuation activi-
ties are simulated by MATSim. By integrating the three mod-
els, the proposed modeling framework is capable of simulat-
ing flood inundation processes, flood management practices,
and household decision-making and evacuation processes in
a coherent manner. In the next sections, we will use a real-
world case study to demonstrate how the modeling frame-
work can be used by researchers and practitioners for flood
risk assessment and evacuation management.

2.5 Measurement of flood evacuation performance
Agents’ evacuation processes reflect their evacuation status

and movements across space and over time in a road net-
work. In this study, we use multiple parameters and indica-
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Figure 2. Inputs, modules, and processes of the MATSim model.

tors to represent agents’ evacuation processes and evaluate
their evacuation performance. For a residential area with n
household agents, we first use a categorical variable, S;, €
{1, 2,3}, to describe agent j’s evacuation status at time step 7.
S;,r = 1 denotes that agent j has not started their evacuation
process at time . S;; = 2 denotes that agent j has already
started evacuation but has not arrived at their evacuation des-
tination at time ¢. §; ; = 3 denotes that agent j has arrived at
their evacuation destination at time ¢, which represents a suc-
cessful evacuation case. Let 7y denote the time at which the
flood evacuation order is issued to the public, and let t ; and
rj’.k denote agent j’s departure time (i.e., the time at which
the agent begins their evacuation via the road network after
their evacuation preparation time) and arrival time (i.e., the
time at which agent j arrives at their evacuation destination),
respectively. The agent’s evacuation time ¢; is defined as the
time period from their departure time z; to their arrival time
‘Ej (i.e., ¢j = ‘Ef — ‘Ej).

By summarizing the evacuation statuses of the agents’
over time, the effectiveness of flood evacuation processes
in a region can be reflected by a matrix with two indica-
tors at the system level: (1) the agents’ average evacuation
time @ and (2) the system-level evacuation clearance time I".
The agents’ average evacuation time P is the average value
of all of the agents’ evacuation times, which is calculated

n
by & = % Zl ¢ ;. In comparison, the system-level evacuation
J=
clearance time I" for a region is the duration from the time at
which the flood evacuation warning is issued in a residential
area to the time at which the last agent arrives at their evacu-
ation destination (i.e., I' = max({r]*.‘ lj=1,2,3,...,n})—10).

Hydrol. Earth Syst. Sci., 27, 1607-1626, 2023

3 Case study and scenario design
3.1 Study site

The Xiong’an New Area (XNA) is used as a case study to
illustrate the functionality of the proposed modeling frame-
work in flood simulation and evacuation management. The
XNA is located in the Baiyangdian River basin, which in-
cludes the largest freshwater wetland in North China. This
region covers three counties (Xiongxian, Rongcheng, and
Anxin), encompassing a total area of 1768 km? (Fig. 4). The
region has a population of 1.1 million, and the gross domestic
product is CNY 21.5 billion (Sun and Yang, 2019).

The XNA has a typical continental monsoon climate, with
annual average precipitation totaling approximately 570 mm.
The region is influenced by various natural disasters and en-
vironmental problems, such as water pollution, heat waves,
and groundwater overexploitation. In particular, the XNA has
a high risk of flooding due to frequent extreme rainstorm
events (Jiang et al., 2018; Su et al., 2021). Historical climate
records show that a total of 139 flood events have occurred
in the XNA over the past 300 years (Wang et al., 2020). For
example, the heavy storm from 19 to 21 July 2016 affected
a total population of approximately 517 000, leading to se-
vere destruction and economic losses. Studies have found
that, compared with historical flood conditions, both the fre-
quency and intensity of extreme flood events in the region
are expected to increase under future climate change (Zhu
et al., 2017; Wang et al., 2020). The flood problems in the
XNA and many other flood-prone areas worldwide call for
the development of advanced computer models and decision
support systems to allow for robust flood risk assessment and
informed management practices during extreme flood events.
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3.2 Data collection and model construction

Based on the modeling framework, data from various sources
were collected and compiled to construct the model, in-
cluding meteorological, land use, hydrological, transporta-
tion, and census data. Among them, land topology was re-
trieved from a 7 m resolution digital elevation model from
the State Bureau of Surveying and Mapping. Meteorolog-
ical data (e.g., daily precipitation, temperature, solar radi-
ation, and wind speed) from 98 stations in the study area
were collected from the China Meteorological Administra-
tion. Population and household distribution were based on
30 m resolution census data from the census bureau of the
local government. Road network data were retrieved from
OpenStreetMap, an open-source global map data repository.
Table 1 presents the data used in this study as well as their
sources.

Figure 5 illustrates how the data are merged and integrated
into the modeling framework. As introduced in Sect. 2, the
modeling process starts by running the MIKE 21 model,
with meteorological, DEM, land use, soil type, and river net-
work data as the model inputs. For a given storm event, the
MIKE 21 model generates flood processes, which can be
used to predict the inundated area and the affected popula-
tion. These data are then used to construct the ABM and the
MATSim model to simulate agents’ flood management and
evacuation behaviors.

3.3 Flood simulation and scenario design

As mentioned above, the case study site has a high risk of
flooding due to frequent extreme rainstorm events. Following
the precautionary principle in natural disaster management
(Etkin et al., 2012), we use the 100-year flood event as an
example to evaluate the impacts of extreme flooding on the
study area and then examine the impacts of various manage-
ment policies and human behaviors on household evacuation
processes.

We run the hydrodynamic model to simulate flood inun-
dation processes for the flood with a 100-year return period.
The modeling results show that the inundated area is 66.5 %
of the land area (Fig. 6). The affected population is 508 986
(45.8 % of the total population). These modeling results are
consistent with the results that were reported in our prior
work and are also empirically similar to the flood hazard
experienced in this region in July 2016. For detailed intro-
ductions regarding the construction, calibration, and valida-
tion of the hydrodynamic model, the reader is referred to Wu
et al. (2021). With such a high flood risk, it is essential for
emergency responders to understand how flood evacuation
performance is affected by various human behavioral factors
and evacuation management plans.

A scenario-based analysis is conducted to examine the
roles played by the following factors in flood evacua-
tion simulations: (1) evacuation shelter establishment (i.e.,
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the number and geographical distribution of shelter loca-
tions), (2) heterogeneity in households’ evacuation prepa-
ration times, and (3) evacuees’ route-searching strategies.
Three experiments are designed to assess the joint impacts
of the above three factors (Table 2), and these experiments
are introduced in turn in the following.

The first experiment focuses on assessing the impact of
the number and geographical distribution of evacuation shel-
ters on agents’ evacuation processes. Note that five optional
sites for evacuation shelters are identified in the XNA based
on the flood inundation area for the 100-year flood (illus-
trated by the red stars in Fig. 6). Considering all of the possi-
ble combinations of these shelters, a total of 31 simulations
are performed in this experiment (5 simulations for single-
shelter scenarios and 26 simulations for multiple-shelter sce-
narios). Experiment 2 assesses the impacts of agents’ behav-
ioral heterogeneity (i.e., variations in households’ evacuation
preparation times) on traffic flow and evacuation outcomes.
Note that agents apply the shortest-distance route-searching
method (Mode 1) to evacuate from their household loca-
tions to evacuation destinations in the first and second ex-
periments. Experiment 3, in contrast, simulates evacuation
processes in which agents apply the system-level optimiza-
tion method (Mode 2) for route selection. The simulation re-
sults of experiment 3 are compared with those of the first and
second experiments to explore the effects of agents’ route-
searching strategies on evacuation outcomes.

4 Modeling results
4.1 An example of household evacuation processes

In this study, the results of household evacuation simulations
are extracted and analyzed with the Senozon Via data vi-
sualization tool (Milevich et al., 2016). Figure 7a presents
a snapshot of residents’ evacuation schemes for the case in
which all five evacuation shelters are used in the study area
(note that each household is illustrated by a green dot in
Fig. 7a). Figure 7b depicts the change in the ratio of the
three groups of the population during the evacuation pro-
cesses. The percentage of the population in the S = 1 group
(i.e., the agents that have not started evacuating) displays a
consistent decreasing trend, as more agents start their evac-
uation processes over time. Consequently, the S =3 group
(i.e., the agents that have arrived at a safe zone) exhibits a
consistent increasing trend. The S = 2 group (i.e., the agents
that have started evacuating but have not arrived at a safe
zone, representing the residents who are moving in the road
network) increases at the beginning of the evacuation period,
reaching a peak of 43.1 % after approximately 6.5 h, and then
decreases until the end of the evacuation period. The entire
evacuation process takes approximately 15.5h (i.e., the evac-
uation clearance time). In the following sections, the factors
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Table 1. List of data used in the integrated model.
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Data type Data source Period Resolution  Format
Land elevation State Bureau of Surveying and Mapping 2019 7m TIF
Land use Scientific Data Center of the Chinese Academy of Sciences 2015 30m TIF
River network Scientific Data Center the Chinese Academy of Sciences 2015 - SHP
Streamflow Hydrological Yearbook of China 1980-2010  Daily XLS
Weather conditions China Meteorological Administration 1980-2010  Daily XLS
Soil type Cold and Arid Regions Science Data Center 2009 1km TIF
Population Census bureau of the local government 2020 30m XLS
Household distribution ~ Census bureau of the local government 2020 30m TIF
Road network OpenStreetMap 2022 - XML

DEM Flood inundation

processes

(e.g., storm event)

Meteorological condition

I 25—

Agents’ coll vz” 2
evacuatiolr process

Result analysis &
data visualization

Figure 5. Data sources and flowchart of the integrated modeling framework.

Figure 6. Flood inundation areas for a 100-year flood in the study
area.
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that influence the evacuation process will be assessed under
different conditions.

4.2 Impacts of shelter location arrangement on
evacuation processes

We first conduct experiment 1 to examine agents’ evacua-
tion processes for the five scenarios in which only one evac-
uation shelter is established. Figure 8 shows that the geo-
graphical location of an evacuation shelter has a fundamen-
tally important influence on residents’ flood evacuation per-
formance. Residents’ average evacuation time is the short-
est for shelter site 1 (20.1h), followed by sites 2 (23.7h),
5 (33.3h), 3 (35.7h), and 4 (46.8h). The box plot of all of
the agents’ evacuation times also shows that the variation in
agents’ evacuation time is largest for shelter site 4 (32.4h)
and smallest for shelter site 1 (15.4 h). In terms of the system-
level evacuation outcomes, shelter sites 1 and 2 are associ-
ated with the shortest evacuation clearance time (~ 56 h), and
shelter site 4 is associated with the longest evacuation clear-
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Table 2. Scenario design for simulating household evacuation processes.

Experiment  Shelter arrangement Heterogeneity in agents’  Evacuation-route-
evacuation preparation times ~ searching strategy

1 All of the combinations of the five optional shelters 1.5%  Mode 1
1,2,3,4,and 5 (shortest distance)

2 {1,2,3,4,5)° 0.2-3.0° Mode 1
(shortest distance)

3 Five one-shelter scenarios and {1, 2, 3, 4, 5} 0.2-3.08 Mode 2

(system optimization)

@ Residents’ behavioral heterogeneity is measured by the variation (i.e., standard deviation) in their evacuation preparation times. In the study area, the average
evacuation preparation time of residents is set to ased on our communication wi e local flood management authorities. eset {1,2,3,4, enotes tha
tion preparation t f resident t to 4 h based t th the local flood g t authorities. ® The set {1, 2, 3, 4, 5} denotes that

all five shelters are selected for this scenario.

(b)
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Figure 7. (a) A snapshot of residents’ evacuation schemes when all
five evacuation shelters are established in the study area. (b) The
percentages of the population in the three groups of agents. Note
that the S = 1 group includes agents who have not started evacuat-
ing, S = 2 includes agents who have started evacuating but have not
arrived at an evacuation destination, and S = 3 includes agents who
have successfully arrived at their destinations.

ance time (~ 108.9 h) (see the inset in Fig. 8). In this regard,
among the five optional shelter locations, sites 1 and 2 are
the best locations for shelter establishment, and site 4 is the
worst, with the longest evacuation time.

Next, we compare the average evacuation time of agents
for simulations in which all 31 combinations of the five op-
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Figure 8. Box plot of agents’ evacuation times (main figure) and
the system-level evacuation clearance times for the five one-shelter
scenarios (inset).

tional evacuation shelter locations are considered. As shown
in Fig. 9, when there is a small number of evacuation shel-
ters, establishing more shelters in the system can notably re-
duce agents’ evacuation times, and this effect is more no-
ticeable for the worst-shelter-allocation scenario (illustrated
by the blue line) than for the best-shelter-allocation scenario
(illustrated by the red line). For example, as the number of
shelters increases from two to three, the average evacuation
time is reduced from 44.7 h (shelter set {4, 5}) to 29.7 h (shel-
ter set {3, 4, 5}) for the worst-shelter-allocation scenario (a
total reduction of 15h). In contrast, the reduction in evacu-
ation time is only 5 h for the best-shelter-allocation scenario
(from 13.1h for set {2, 3} to 8.1h for set {1, 2, 3}). These
results can yield policy implications in terms of the num-
ber and geographical locations of evacuation shelters needed
to meet a particular flood management goal. For example, if
the management goal is to evacuate all of the residents to a
single safe zone, shelter 1 would be the best choice, among
the five optional locations, in terms of minimizing the evac-
uation clearance time. However, for the case of establishing
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Figure 9. The average evacuation time of residents under the sce-
narios that consider all of the possible combinations of the five op-
tional evacuation shelters.

two shelters in the region, shelter set {2, 3} is a better choice
compared with the other shelter site combinations.

Notably, the modeling results show that agents’ evacuation
time decreases if shelters are located closer to denser residen-
tial areas. This is because a shelter located closer to denser
areas can reduce agents’ travel distances. Furthermore, the
modeling results show that the reduction in residents’ evacu-
ation times, due to the increase in the number of evacuation
shelters, is significantly affected by the existing number of
evacuation shelters and, in particular, their geographical dis-
tribution in the region. After a certain number of evacuation
shelters are established (more than three in this case), includ-
ing more shelters in the system has a marginal effect on re-
ducing evacuation times. Taking the best-shelter-allocation
scenario as an example (the red line in Fig. 9), when there
are only two evacuation shelters ({ 2, 3} ), adding one more
evacuation shelter (1) in the system can reduce the evacua-
tion time by 5h (from 13.1 h for set { 2, 3} to 8.1 h for set {1,
2, 3}). In contrast, the reduction in evacuation time is only
1.3 h when shelter 5 is added to shelter set {1, 2, 3}. In partic-
ular, the average evacuation time is 6.8 h for shelter sets {1, 2,
3,5}and {1, 2, 3, 4, 5}, which indicates that adding one more
shelter in the system did not reduce the average evacuation
time. This phenomenon is supported by the Braess paradox
phenomena in the field of transportation research (Braess et
al., 2005; Pas and Principio, 1997; Murchland, 1970), which
suggests that including a new link in a traffic network could
possibly result in heavier traffic congestion and longer travel
times. This phenomenon and its policy implications will be
further discussed in Sect. 5.

4.3 Impacts of residents’ behavioral heterogeneity on
evacuation processes

Previous studies have shown that the evacuation preparation
time of households plays an important role in their emer-
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Figure 10. The impacts of human behavioral heterogeneity (i.e., the
variation in agents’ evacuation preparation times) on their average

evacuation time (left y axis) and the system-level evacuation clear-
ance time (right y axis).

gency evacuation outcomes during natural disasters (Lin-
dell et al., 2005, 2020). However, the heterogeneity in hu-
man behaviors has not been explicitly examined in flood
evacuation processes. In this section, we conduct experiment
2 to assess the impacts of human behavioral heterogeneity
(measured by the variance in agents’ evacuation prepara-
tion times) on evacuation processes. Figure 10 shows that
human behavioral heterogeneity has a nonlinear effect on
agents’ evacuation outcomes. Increasing the heterogeneity in
households’ evacuation preparation times will result in re-
ductions in the average evacuation time and the system-level
evacuation clearance time, and this effect is more signifi-
cant when the variation in the evacuation preparation time
is small (< 1.5h). In particular, when the variation in prepa-
ration time is large (> 2h), the change in the heterogeneity
of preparation times will not notably affect the average evac-
uation time or the system-level evacuation clearance time.
These results are consistent with the modeling results ob-
tained from our prior work, which examined the role of het-
erogeneity in residents’ tolerance to flood risk during evacu-
ation processes (Du et al., 2016).

Next, we assess the impacts of human behavioral hetero-
geneity on the traffic flow conditions in the road network.
Figure 11 plots the percentage of the three groups of the pop-
ulation during evacuation processes, and the S = 2 group (il-
lustrated by the two brown lines) includes the agents who are
evacuating in the road network. The modeling results show
that the peak traffic time (i.e., the time at which the number
of agents in the road network reaches a maximum during the
evacuation period) is delayed as the level of agent behavioral
heterogeneity increases. In addition, the percentage of agents
in the road network at the peak traffic time is significantly
lower in the high-behavioral-heterogeneity scenario than in
other scenarios. For example, the traffic peak time can be
delayed from 6.0 to 8.5h as the variation in the evacuation
preparation times increases from 1.0 to 3.0 h. At the time of
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Figure 12. Peak traffic time (left y axis) and the percentage of evac-
uating agents (i.e., S = 2 group) at the peak traffic time (right y axis)
for various levels of human behavioral heterogeneity.

the traffic peak, the percentage of agents in the road network
is reduced from 67.9 % (the low-heterogeneity scenario) to
46.6 % (the high-heterogeneity scenario), and the system-
level evacuation clearance time is reduced from 28.5h (the
low-heterogeneity scenario) to 27 h (the high-heterogeneity
scenario). Figure 12 compares the peak traffic time and the
percentage of evacuating agents at the peak time under vari-
ous levels of heterogeneity in agents’ evacuation preparation
times. The modeling results show that flood evacuation out-
comes can be improved (i.e., the traffic congestion problem is
alleviated, the peak traffic time is delayed, and the evacuation
clearance time is reduced) as agents’ behavioral heterogene-
ity increases.

These modeling results highlight the importance for
policy-makers to pay explicit attention to households’ be-
havioral heterogeneity during flood evacuation processes.
For example, the modeling results show that the variation
in agents’ departure times can significantly affect the traffic
load in the road network and the evacuation clearance time.
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Traffic congestion conditions can be alleviated if the varia-
tion in agents’ departure times is larger. Thus, to improve
evacuation efficiency, emergency responders may need to di-
vide all of the households in the community into a number
of groups and guide them to evacuate in batches, rather than
allowing them to begin their evacuation in a chaotic manner
without appropriate coordination.

4.4 TImpacts of households’ evacuation route choices on
evacuation processes

In the above sections, the modeling results for scenarios in
which the agents apply the shortest-distance route-searching
method to travel from their original locations to destinations
(Mode 1) during evacuation processes were presented. In this
section, we conduct experiment 3, in which agents’ evacua-
tion routes are obtained based on a system-level optimization
approach (Mode 2). We then compare the three experiments
to explore the joint impacts of the route-searching method
and the behavioral heterogeneity of residents on evacuation
processes.

Figure 13 compares agents’ average evacuation times for
the two travel modes. Two implications are obtained from
the modeling results. First, the results show that the aver-
age evacuation time is consistently smaller for Mode 2 than
for Mode 1. This result agrees with the common belief in
transportation research that traffic congestion will likely oc-
cur in the road network if each agent selects their short-
est evacuation route without considering the effects of other
agents’ route choices. In contrast, traffic flow conditions can
be improved if agents’ evacuation route choices are opti-
mized from the system level, leading to a noticeable reduc-
tion in traffic congestion and shorter evacuation times. Sec-
ond, one can observe that the variation in evacuation time
across different shelter establishment scenarios is signifi-
cantly higher for Mode 1 than for Mode 2. For example,
among the five one-shelter scenarios, the agents’ average
evacuation time ranges from 46.7 to 20.1 h (a difference of
26.6h) for Mode 1. In contrast, this value ranges from 16.5
to 9.2h (a difference of 7.3 h) for Mode 2. This result im-
plies that shelter establishment plays a more important role
when residents only seek to minimize their individual evac-
uation times. In comparison, if agents’ evacuation routes are
optimized from the system level, shelter establishment will
become a less significant factor affecting evacuation perfor-
mance.

Figure 14 presents the percentages of the three groups of
agents during the evacuation process in order to explicitly
examine the impacts of different route-searching strategies.
Compared with the shortest-distance route-searching strat-
egy (Mode 1), the system-level optimization route-searching
strategy (Mode 2) can reduce the evacuation clearance time
by 12h (from 27.5h for Mode 1 to 15.5h for Mode 2). In
addition, the percentage of agents in the road network at the
peak traffic time is reduced from 60.4 % for Mode 1 to 43.1 %
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Figure 14. Comparison of residents’ evacuation processes for the
two route-searching strategies (note that all five evacuation shelters
are selected for the two scenarios, and the variation in residents’
evacuation preparation times is 1.5 h).

for Mode 2, indicative of a significant improvement in traffic
congestion during the evacuation period. However, the peak
traffic time is similar in the two scenarios, suggesting that
changing agents’ route-searching strategies does not consid-
erably affect the peak time of traffic flow.

The above analyses focused on assessing the impacts of a
single factor (agents’ behavioral heterogeneity or evacuation-
route-searching strategies). Figure 15 examines how the two
factors jointly affect evacuation processes. Notably, in gen-
eral, the average evacuation time of agents and the system-
level evacuation clearance time are small when the variation
in the evacuation preparation time is low and/or when agents
use Mode 2 to determine their evacuation routes. Interest-
ingly, when the variation in agents’ evacuation preparation
times is low (< 1.0h), the difference between Mode 1 and
Mode 2 is not significant in terms of the peak traffic time
nor the percentage of evacuating agents at the peak traf-
fic time. This result indicates that changing agents’ route-
searching strategies will not considerably affect the peak traf-
fic time nor the maximum traffic flow if all of the agents
start their evacuation activities within a short time window. In
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contrast, as the variation in the evacuation preparation time
of agents increases, the evacuation-route-searching strategy
used can significantly affect the peak traffic time and the
maximum traffic flow (Fig. 15¢c, d). However, the variation in
agents’ evacuation preparation times does not notably affect
the changes in the average evacuation time or system-level
evacuation clearance time between the two route-searching
strategies.

The comparisons of the two route-searching methods, as
have been presented in the above sections, show that house-
holds’ route choices play an important role in their evacua-
tion processes. Evacuation clearance time and traffic conges-
tion will be significantly alleviated and become more robust
against the change in shelter location arrangement if evacua-
tion routes are optimized. In this regard, policy-makers may
improve flood management by providing clear guidance to
all of the households in terms of where they should evacuate
to (i.e., shelter choice), when they should evacuate (i.e., de-
parture time), and, in particular, via which route they should
evacuate (i.e., route selection). On the other hand, households
need to follow the evacuation guidance and take the recom-
mended routes to improve evacuation efficiency.

5 Discussion

5.1 Implications for flood risk assessment and
evacuation management

In this study, we employ an interdisciplinary socio-
hydrological approach that incorporates a physically based
hydrodynamic model, an agent-based human behavior
model, and a large-scale transportation model into an inte-
grated modeling framework. The proposed modeling frame-
work is motivated by previous socio-hydrological studies that
called for the incorporation of various factors in the context
of coupled human—flood systems to support flood manage-
ment. These factors may be associated with a wide range
of interdisciplinary domains, such as hydrogeological con-
ditions, flood inundation process, information dissemination
platforms, risk perception and awareness, social prepared-
ness, public policy, and urban infrastructure development
(Barendrecht et al., 2019; Di Baldassarre et al., 2013; Yu
et al., 2022; Pande and Sivapalan, 2017; Troy et al., 2015;
Fuchs et al., 2017; Viglione et al., 2014). We apply the model
to the XNA in China to assess the inundated areas of an ex-
treme flood event and to examine household evacuation out-
comes under various management policies and human behav-
iors. Several modeling and policy implications can be ob-
tained based on the model construction and simulation re-
sults.

First, the simulation results of this study show that the
flood risk and flood damage to an area are affected not only
by the hydrological characteristics of flood events but also by
infrastructural, socioeconomic, and human behavioral fac-
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tors. In particular, the results show that household evacu-
ation outcomes are significantly affected by shelter loca-
tion arrangement, route selection strategies, and evacuation
preparation times. Therefore, it is essential for researchers
and policy-makers to incorporate various social, hydrologi-
cal, and human behavioral factors into an integrated frame-
work to obtain more robust estimations of flood risk and to
design informed policies to support holistic flood manage-
ment.

Second, the modeling results show that the number of
evacuation shelters and, in particular, their geographical dis-
tributions have important effects on flood evacuation pro-
cesses. For example, by comparing the evacuation outcomes
obtained for the five optional shelter sites in the case study
area, we find that the average evacuation time of residents
varies from 20.1h (shelter site 1) to 46.8 h (shelter site 4)
(Fig. 8). In this regard, if there are limited available resources
and only one evacuation site can be established in the area,
shelter 1 would be a better site than shelter 4 if the man-
agement goal is to minimize the average evacuation time of
residents. Another implication associated with shelter choice
is that establishing more shelters in the area does not nec-
essarily lead to improvements in a community’s evacuation
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processes if there is already a sufficient number of evacu-
ation shelters or if the shelters are not well distributed in
the region. For example, in the case in which there are three
shelters (e.g., { 1, 2, 3}), including more shelters in the sys-
tem (e.g., 4, 5, or both) will not effectively reduce the aver-
age evacuation time of households (Fig. 8). This finding, al-
though somewhat contrary to what one would intuitively ex-
pect, is in line with the classic Braess paradox in the field of
transportation research; notably, adding a new link in a traffic
network may not improve the operation of the traffic system
(Frank, 1981; Murchland, 1970). Some studies have shown
that the occurrence of Braess paradox phenomena may be
affected by the road network configuration, travel demand,
and travelers’ route-searching behaviors (Pas and Principio,
1997; Braess et al., 2005). Therefore, regarding emergency
management policies, such as where to establish new shel-
ters, policy-makers need to assess the relationships among
these factors to determine the number and geographic distri-
bution of shelters in the system.

Third, flood evacuation is a complex process in which res-
idents’ evacuation activities can be affected by various so-
cial, economic, environmental, and infrastructural factors.
Thus, in a particular flood-prone area, residents’ decisions
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and evacuation behaviors could be highly heterogeneous,
varying from family to family, from community to commu-
nity, and from time to time (Paul, 2012; Huang et al., 2017).
This study shows that human behavioral heterogeneity can
significantly affect flood evacuation outcomes in a given re-
gion. For example, the modeling results show that variations
in residents’ evacuation preparation times could result in no-
ticeable differences in traffic congestion conditions and the
time required for evacuees to complete their evacuation pro-
cesses (Figs. 10, 11, 12). Therefore, in flood management
practice, emergency responders need to explicitly consider
the heterogeneity in residents’ behaviors and determine how
to promote behavioral changes by providing the needed re-
sources to vulnerable groups who are not able to take effec-
tive flood mitigation actions to improve the overall disaster
management performance of the community (Nakanishi et
al., 2019; Hino and Nance, 2021).

5.2 Limitations and future research directions

Our modeling framework and the simulations in this study
have a number of limitations that warrant future research to
make improvements and extend the current approach. First,
similar to other studies on emergency evacuation simulation
(Wood et al., 2020; Zhu et al., 2018; Koch et al., 2020; Saadi
et al., 2018), this work focuses on car-based traffic simulation
without considering other transportation modes (e.g., motor-
cycles). In real-world evacuation cases, residents may use
various types of transportation modes to evacuate, includ-
ing automobiles, motorcycles, buses, or by foot (Melnikov
et al., 2016). Residents may also change their travel modes
during evacuation processes, for example, due to a change
in the available transportation facilities. Recent studies have
attempted to improve emergency evacuation simulations by
considering more factors in evacuation simulation, such as
multiple transportation facilities, changes in traffic network
accessibility, variations in travel demand, pedestrian—vehicle
interactions, and speed adjustments (Dias et al., 2021; Tak-
abatake et al., 2020; Wang and Jia, 2021; Sun et al., 2020;
Chen et al., 2022). Future study could also improve the trans-
portation model to consider more complex agent—agent and
agent—environment interactions during evacuation processes.
For instance, besides the two route-searching methods that
have been analyzed in this study, future work may consider
another type of route-searching method in which agents have
full access to real-time information on traffic conditions and
may decide to change their evacuation routes over time (re-
ferred to as mode 3). The three travel modes can be systemat-
ically compared in order to achieve a better understanding of
how agents’ route-searching strategies may affect their evac-
uation results. This extension will enhance the functionality
of the MATSim transportation model and improve the simu-
lation of agent behaviors during community evacuation pro-
cesses.
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Second, regarding the analyses of shelter establishment,
we primarily focus on the number and geographical distribu-
tion of evacuation shelters without considering other impor-
tant shelter characteristics, such as shelter capacity. However,
it is sometimes necessary to consider the constraint of shelter
capacity in evacuation management, especially in large-scale
evacuation scenarios. Recently, studies have analyzed the im-
pacts of shelter capacities and their geographic distribution
on evacuation outcomes (Alam et al., 2021; Khalilpourazari
and Pasandideh, 2021; Oh et al., 2021; Liu and Lim, 2016).
Future studies should consider more shelter properties to im-
prove the current modeling framework.

Third, in this work, the hydrodynamic model is coupled
with the ABM and the transportation model in a one-way
coupling manner. Therefore, the hydrodynamic model gen-
erates flood inundation results as the input for the ABM
and the transportation model, but the modeling results of the
ABM and the transportation model do not affect the hydro-
dynamic modeling process. Such a one-way model-coupling
method is suitable for simulating residents’ evacuation activ-
ities before a flood occurs, but it is not suitable for cases in
which evacuation processes and flood inundation processes
have an overlapping time period. In particular, the model is
not capable of simulating how human behaviors affect river
channel and flood inundation processes (Chen et al., 2016;
Witkowski, 2021). This is another limitation that needs to be
addressed in future work.

Finally, it is worth noting that this study is still subject
to many simplifications and assumptions due to data incom-
pleteness and the specific research scope of the current work.
Future work could incorporate more psychological and so-
cial factors to describe agents’ decisions during evacuation
processes. For example, future study can conduct surveys
and questionnaires to quantify households’ evacuation prepa-
ration times after receiving flood evacuation orders (Lin-
dell et al., 2020). Moreover, future studies could consider
other factors that may affect human flood risk perception
and risk awareness, such as social memories, social interac-
tions, and observations of neighbors’ actions (Du et al., 2017;
Girons Lopez et al., 2017). These extensions and improve-
ments can make the model capable of simulating more real-
istic decision-making processes and more complex human—
flood interactions to support emergency management during
floods.

6 Conclusions

A fundamental aspect of societal security is natural disaster
management. Computational models are needed to assess the
flood risk in flood-prone areas and to design holistic man-
agement policies for flood warning and damage mitigation.
In this study, we propose an integrated socio-hydrological
modeling framework that couples a hydrodynamic model for
simulating flood inundation processes, an ABM for simulat-
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ing the flood management practices of emergency responders
and human behaviors, and a large-scale transportation model
for simulating household evacuation processes in a road net-
work. Using a case study of the XNA in China, we demon-
strate the effectiveness of the modeling framework with re-
spect to assessing flood inundation processes for a 100-year
flood event and examining households’ evacuation outcomes
considering various evacuation management policies and hu-
man behaviors. A number of scenario analyses are performed
to explore the impacts of shelter location arrangement, evac-
uation preparation times, and route-searching strategies on
evacuation performance.

Via a set of scenario analyses, the modeling results show
that, for a 100-year flood event, approximately 66.5 % of
the land area will be flooded, affecting 0.5 million people.
Household evacuation processes can be significantly affected
by the number and geographical distribution of evacuation
shelters. For the five optional evacuation shelter sites, the
average evacuation time of residents ranges from 20.1 to
46.8 h, depending on where the evacuation shelters are lo-
cated. Counterintuitively, yet in line with the Braess paradox
in the transportation field, we find that including more shel-
ters in the system may not improve evacuation performance
in a region if the number of shelters or the shelter distribution
is already optimal or near optimal. In addition, the simula-
tion results show that residents’ flood evacuation outcomes
are significantly affected by human decision-making pro-
cesses, such as the selection of evacuation-route-searching
strategies. Compared with the system-level route optimiza-
tion method, the shortest-distance route-searching method is
associated with a longer evacuation travel time because evac-
uees seeking to minimize their own travel time may experi-
ence traffic congestion. We also find that a low level of het-
erogeneity in agents’ evacuation preparation times can re-
sult in heavy traffic congestion and long evacuation clearance
times. These modeling results indicate that the flood risk of,
and the ultimate damage to, an area is affected not only by the
magnitude of the flood itself but also by flood management
practices and household behavioral factors. Therefore, this
study is in line with some previous studies that have high-
lighted the significance of using socio-hydrological methods
for hydrological science and watershed management (Di Bal-
dassarre et al., 2013; Sivapalan et al., 2012; Abebe et al.,
2019).

This work still has a number of limitations that need to
be addressed. Recommended future work includes the incor-
poration of more types of transportation facilities and route
selection methods in the transportation simulation model,
the consideration of more psychological and behavioral fac-
tors in human decision-making, and the improvement of the
model-coupling method by employing a two-way coupling
approach to simulate the impacts of human behaviors on
flood inundation processes. We envision that these exten-
sions will improve the functionality of the proposed mod-
eling framework and that the simulation results with these
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improvements can provide more useful modeling and policy
implications to support flood risk assessment and emergency
evacuation management.
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