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8 Abstract

9 Human exposure to threats from natural hazards is generally estimated using a static approach with 

10 the fixed number of people located in hazard-prone zones; however, in reality this number varies 

11 due to population mobility. This study proposes a human–hazard coupled City Model (HazardCM) 

12 for accurately calculating city spatiotemporal dynamic exposure to different hazards. It includes 

13 four components: an urban environment module, agent-based model, city–hazard coupler, and 

14 dynamic exposure assessment. Rainfall-triggered natural hazards under extreme 

15 hydrometeorological events were modeled in Lishui, China. Scenarios covering different 

16 magnitudes, timings and locations, and return periods of hazards were investigated to derive the 

17 spatial distribution and evolution of human exposure. This model is the first that different natural 

18 hazards have been analyzed within a unified framework using a dynamic method and offers a new 

19 way to investigate exposure’s space–time characteristics while considering the dynamic nature of 

20 both humans and hazards.

21 Keywords: natural hazards; dynamic exposure; flood; landslide; city model

22

23 1. Introduction

24 Natural hazards are growing more intense and frequent in many cities around the world due to the 

25 changing climate and anthropogenic activities (du Plessis, 2019). Rising numbers of people in 

26 urban areas are becoming increasingly vulnerable to threats from natural hazards. Moreover, 

27 natural hazards’ negative effects on human society are usually amplified due to the compounding 

28 interactions from multi-hazards, such as the concurrence of a storm surge and a flood. There is an 
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29 urgent need to understand multi-hazards, vulnerability, and risk so as to design more hazard-

30 resilient urban developments. 

31 Both natural hazards and cities can be understood as the systems of systems, and the integration 

32 between them is highly complicated. The city itself is an integrated and complex system consisting 

33 of heterogeneous and interconnected subsystems pertaining to both physical and social structures, 

34 among them humans, infrastructures, organizations, and economy, which are connected by 

35 nonlinear, multiple interactions (Atun, 2014). When such a complex system is affected by a hazard, 

36 it fails to function as it does in normal conditions due to interrupted interconnections among 

37 subsystems. For example, if one water factory is damaged by a hazard, then, owing to the system’s 

38 interconnectivity, the supply of the electricity (depends on water support) in some urban areas may 

39 break down. The challenge lies in understanding how a disruption in a subsystem could affect the 

40 whole urban system, for which every detail cannot be foreseen prior to the occurrence of a hazard 

41 event (Atun, 2014). In other words, a broad or superficial understanding of the city system as a 

42 series of separate components is not enough to be able to comprehend the interactions among 

43 subsystems in the city environment.

44 Just as within a city system, the multi-hazards within an earth system are also complicated. The 

45 term “multi-hazards” refers to all possible and relevant hazards and their interactions in a given 

46 spatial region and/or temporal period (Gill and Malamud, 2014, 2017; Kappes et al., 2012a). It is 

47 often confused with “hazards chain” (or “cascading hazards”), which refers mainly to the 

48 interactions among different hazards and the idea that one hazard may induce a series of secondary 

49 hazards, also known as the cascading effect, domino effect, knock-on effect, or triggering effect 

50 (Kappes et al., 2012b). As the cause–effect relationship does not always exist in the multi-hazards 

51 framework, the impact of multi-hazards on city systems is more multifarious. Multi-hazards may 

52 be induced by either one kind of driving force or multiple (Gill and Malamud, 2017). Despite 

53 relating to a large number of hazards, the multi-hazard structure is relatively simple for a given 

54 city. Rain is a significant triggering factor in many hazards, such as landslides, floods, 

55 waterlogging, and debris flow. Rainfall-triggered multi-hazards are the most critical issue in many 

56 cities (Cho and Chang, 2017). 

57 The analysis of multi-hazards classified by three levels: single-hazard, multi-layer single-hazard, 

58 and full multi-hazard model. It is hard to fully understand all hazard mechanisms and dynamic 

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112



3

59 interactions among different hazards, so the full multi-hazard model is still a challenge. On the 

60 contrary, the multi-layer single-hazard model, which can provide a detailed model of the 

61 mechanisms of each hazard and allow the relationships between different hazards to be examined 

62 using a loose coupling approach is a promising way. There are already a large number of mature 

63 models for modeling the separate processes of each hazard. For example, the SWMM model has 

64 been widely used in many cities to simulate water movement in both urban surface and drainage 

65 systems (Bisht et al., 2016; Gironás et al., 2010; Li et al., 2016; Sun et al., 2014). The SHALSTAB 

66 model is used to simulate and predict the occurrence of rainfall-triggered landslides (Burton and 

67 Bathurst, 1998; Dietrich and Montgomery, 1998; Gorsevski et al., 2006). 

68 The key to assessing the risks of natural hazards is to model the collective consequences of hazards 

69 within the city system and human behavior within the multi-hazards environment. The 

70 development of an integrated multi-hazards risk assessment model that considers all kinds of 

71 hazard interactions together with exposure could offer a way by which city management can reduce 

72 risk and increase resilience regarding hazards. Understanding city exposure to natural hazards is 

73 one of the most important components of risk assessment. The traditional exposure assessment 

74 generally assumes the exposure elements are static and ignores the interactions among these 

75 elements (Shabou et al., 2017). Riddell et. al. (2019) considered the dynamics of natural hazards, 

76 along with society's exposure and vulnerability; and how these components of disaster risk change 

77 over extended periods due to population, economic, climatic drivers, as well as policy and 

78 individual decisions for long-term disaster risk reduction. However, as human exposure to a hazard 

79 is generally calculated through the number of people located in a hazard-prone zone, this number 

80 varies dramatically throughout the day due to population mobility. In an effort to compensate for 

81 this variability, “dynamic exposure” (DYE), which refers to the space–time characteristics of 

82 exposure, has been defined and applied to flood and earthquake hazards (Hsu et al., 2013; Park 

83 and Kwan, 2017; Pittore et al., 2014). Innovations in risk assessment that integrate societal 

84 behaviour and behavioural adaptation dynamics into such quantifications may lead to more 

85 accurate characterization of risks and improved assessment of the effectiveness of risk-

86 management strategies and investments (Aerts et. al., 2018).However, in a multi-hazards 

87 environment, the DYE assessment faces multiple challenges. For example, it is unclear how to 

88 define a unified spatial and temporal unit that can be used to model all hazards. Natural hazards 

89 are influenced by a range of spatial and temporal scales: from one square meter to one million 
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90 square kilometers, from a period of seconds to millennia (Gill and Malamud, 2017). Improving 

91 the modeled details of one hazard may decrease the computational efficiency of another hazard 

92 simulation. Thus, a balance is needed between quality and efficiency for all involved hazards. 

93 Furthermore, how to define the exposure elements to different natural hazards and model the 

94 hazard processes in a unified platform is also a challenge (Budimir et al., 2014; Mignan et al., 

95 2014; Montz et al., 2017). 

96 To date, there has been little work on simulations of the socioeconomic impact from multi-hazard 

97 events and even fewer studies on the dynamic interaction between human behavior and natural 

98 hazards (Gill and Malamud, 2017). If a city is susceptible to more than one hazard, better 

99 management decisions can be made that will benefit all stakeholders if differential hazard risks, as 

100 well as the city’s resilience as a whole, can be determined (Atun, 2014). For this reason, this study 

101 aims to propose a human–hazard coupled platform for calculating accurate spatiotemporal DYE 

102 to different types of natural hazards. Rainfall-triggered natural hazards (including urban floods and 

103 landslides) during extreme hydrometeorological events were used for the model, and their DYE 

104 was investigated in the context of a typical city in China. People’s daily behaviors are characterized 

105 by certain patterns with regard to daily, weekly, monthly, and yearly cycles. This study focuses 

106 upon daily cycles.

107 The rest of the paper is organized as follows. Section 2 illustrates the theoretical background of 

108 the study. Section 3 describes the structure and components of the model. Section 4 explains the 

109 theory of the hazard simulation model. Section 5 presents a case study. Section 6 discusses the 

110 results and provides potential improvements of the model. The final section summarizes the key 

111 findings and discusses future work. 

112 2. Theoretical background

113 2.1 City exposure to hazards

114 Quantitative natural hazard risk is commonly expressed as a function of the probability of a hazard 

115 (P), the exposure to it (E), and the vulnerability of exposed elements (V), which is written as 

116 follows (Grahn and Nyberg, 2017): 

117 Hazard risk = P × E × V                                                                                                                  (1)
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118 These components can be divided into the hazard event (P) and the actual consequences (E × V) 

119 caused by the hazard. In order to perform reliable quantitative risk assessments, it is essential to 

120 estimate the values of the three risk components using fine spatial and temporal scales and 

121 understand the possible factors that contribute to their change (Grahn and Nyberg, 2017). 

122 Human, building, and infrastructure exposure are crucial inputs for quantitative risk assessment. 

123 There are enormous studies to calculate both single and integrated exposure for floods (de Moel 

124 et al., 2011; Güneralp et al., 2015; Jongman et al., 2014) and landslides (Garcia et al., 2016; Ivy-

125 Ochs et al., 2009; Pellicani et al., 2014; Promper et al., 2015) in the past decade. However, the 

126 dynamic mechanisms relating to hazards and city systems are generally ignored. The impacts of 

127 hazards on city systems depend not only on factors such as the magnitude and frequency of the 

128 hazard and the exposure of those affected but also on how these variables intersect and evolve in 

129 space and time (Terti et al., 2015). For example, the number of people located in hazard-prone 

130 zones varies dramatically throughout the day due to the population mobility. A hazard (e.g., 

131 earthquake) that occurs during the day surely will have different consequences to one during the 

132 night. Moreover, human exposure to hazards depends on how people adapt to changing and 

133 potentially dangerous conditions in a specific hazard environment (Terti et al., 2015). 

134 For this reason, DYE that describe the space-time characteristics of exposure is defined and be 

135 applied to flood and landslide hazards (Shabou et al., 2017). If human exposure (EH), building 

136 exposure (EB), and infrastructure exposure (EI) discretize in terms of space and time, the 

137 conceptual form of integrated DYE can be written as follows:

138 E(t, x, y) = EH(t, x, y) + EB(x, y) + EI(x, y),                                                                                   (2)

139 where x and y represent space, and t refers to time of day. The weight and uniformization among 

140 these exposure elements are not considered in the conceptual model presented in this study, but 

141 they will be considered in the future model versions.

142 To obtain comprehensive exposure, it is necessary to select representative indicators of every 

143 components through expert recommendation or mathematical analysis. The city system was 

144 interpreted as a series of blocks in the shape of an irregular polygon. All exposure indicators should 

145 be transferred to this unit as well. Uniformization is important because the measurement units of 

146 the indicators are not uniform and cannot be directly compared and calculated. Then, according to 

147 the characteristics of the indicator data, the weights are determined by expert scoring, analytic 
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148 hierarchy process and the entropy weight method. Based on the scale table formed by the domain 

149 expert's scoring, the weight of the indicators in each criterion layer is calculated according to the 

150 analytic hierarchy process, and then the weight of each criterion as well as the combination weight 

151 of the indicators are determined.

152 2.2 Human activity and mobility

153 The location of any given individual with different sociodemographic characteristics varies 

154 dramatically over the course of the day (Dawson et al., 2011). As the travel pattern of each 

155 individual is generally consistent, it is possible to anticipate his or her location at any given time. 

156 The activity-based model microsimulates the variation of an individual’s locations by designing 

157 the activity planning and scheduling components in a way that it can replicate the individual’s 

158 actual activity-scheduling behavior (Javanmardi et al., 2016; Rasouli and Timmermans, 2014). It 

159 considers travel demand from a human perspective and performs a sequence of activities 

160 distributed in space and time (Recker, 1995). Recently, there has been an increasing attention on 

161 activity-based models because they can integrate behavioral and psychological factors with the 

162 decision-making process (Shabou et al., 2017). 

163 The activity-based model evolved out of the transdisciplinary perspective of time geography, 

164 which describes the sequential path of individual events that marks the history of a person within 

165 a situational context (Terti et al., 2015). As a complement to this concept, the activity-based model 

166 emerged in the 1970s to introduce spatial and temporal constraints on human mobility behavior 

167 (Gamow, 1970). McNally (1996) indicated that a qualified activity-based model should have four 

168 significant specialties: design travel patterns according to participation demand; simulate by travel 

169 sequences instead of an entire trip; connect individual behavior with its sociodemographic 

170 characteristics; and consider travel-activity constraints using spatial, temporal, and interpersonal 

171 factors (Shabou et al., 2017). Activity-based models attempt to accurately predict how, why, when, 

172 how often, where, and with whom a sequences of activities are carried out by individuals at 

173 different times of the day and across the days of the week (Bhat and Koppelman, 1999). As the 

174 necessity for modeling activity scheduling has become more evident, various operational models 

175 have been developed over recent years, including SCHEDULER (Gärling et al., 1994), 

176 TRANSIMS (Smith et al., 1995), TASHA (Miller and Roorda, 2003), CEMDAP (Bhat et al., 2004), 

177 ALBATROSS (Arentze and Timmermans, 2000), MATSim (Balmer et al., 2006), and ADAPTS 
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178 (Auld and Mohammadian, 2012). All these models include the abovementioned four specialties 

179 and the same activity-based paradigm. The ADAPTS model was adopted in this study, as it 

180 provides a comprehensive modeling method for activities outside the home.

181 2.3 Human adaptation to hazard evolution

182 Humans’ behavior when facing a life-threatening event (such as a natural hazard) is a complicated 

183 process and can be driven by many factors. Crisis circumstances and individual sociodemographic 

184 characteristics are two basic conditions that determine human adaptation to hazards evolution 

185 (Dawson et al., 2011; Terti et al., 2015). Crisis circumstances include the hazard environment (e.g., 

186 flood depth, spatial extent of an inundation, and sediment volume of a landslide) and hazard-

187 induced disturbances (e.g., traffic jam or the collapse of an old building). Sociodemographic 

188 characteristics, meanwhile, are classified by general (e.g., age, education, and occupation) and 

189 hazard-related features (e.g., previous hazard experience and emergency training). One’s 

190 perception of crisis circumstances and their cues (such as official warning messages) strongly 

191 depend on an individual’s sociodemographic characteristics. Information diffusion and social 

192 interactions that allow people to connect with their relatives and promote a group response are also 

193 considered in the published literature (Lindell and Perry, 2003; Ruin et al., 2014). In addition, as 

194 an individual adaptation to hazards is governed by a set of institutional rules, institutional analysis 

195 has been introduced to model social memory (e.g., social awareness of hazard risk) and impact on 

196 individual status (Abebe et al., 2019; David et al., 2017).

197 The nature and dynamics of an individuals’ adaptation to a hazard will differ according to the 

198 location and activity they were conducting when they perceived the crisis circumstances (Terti et 

199 al., 2015). For example, when a hazard-caused disturbance occurs in the context of an individuals’ 

200 daily route, his or her familiarity with the surrounding environment may help him or her determine 

201 an alternative, safer route, and thus positive actions may be easily adopted. However, an 

202 individual’s activities may not be easily changed in some special situations, such as picking up a 

203 child from school.

204 3. The proposed HazardCM

205 3.1 Model structure
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206 This study proposes a human–hazard coupled city model to describe the impact of rainfall-related 

207 hazard events on socioeconomic factors within an agent-based framework with a specific reference 

208 to the dynamics of the hazards and the human environment. The framework of the proposed city 

209 model is shown in Figure 1. It starts with city elements related to natural hazards by first modeling 

210 blocks and networks. HazardCM regards the city as a combination of a series of spatialized 

211 irregular blocks connected by various networks (such as road and electricity). A large number of 

212 agents are then generated representing different agent types (citizen and government) and 

213 population variability. The behaviors, with special consideration for hazard adaptation, and 

214 decisions of these agents are predefined. The daily activity and location of citizen agents, from 

215 which needs (e.g., water needs), environment impact (e.g., wastewater), and hazard interaction 

216 emerge, are simulated. Based on the agent modeling, the hazard processes are carried out using 

217 open-source, widely-recognized models, and the hazard consequences are simulated through GIS 

218 spatial analysis packages, together with network analysis by Network X (Hagberg et al., 2008) and 

219 graph theory (West, 1996). Finally, the spatially and temporally distributed data of rain events are 

220 used to drive multiple hazard events, and the corresponding hazards exposure is calculated.
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221

Land Use
Hazard-related Urban Environment 

Modeling

Agent-based Modeling of Human ActivityTravel Survey and 

Census Data

Hazard Process 

Modelling

Human–hazard Coupled Method

City Dynamic Exposure Assessment

Population ExposureBuilding Exposure Road Exposure

Agents Initialization

Activity Simulation (Daily)

Activity Simulation (Hazard)

Urban Flood

(LISFLOOD-FP)

Landslide

(SHALSTAB )

Road Network

Agents Generation

222 Figure 1. Model structure. 

223 HazardCM follows the concept of InaSAFE (2014), which combines one exposure data layer (e.g., 

224 location of buildings) with one hazard scenario (e.g., the footprint of a flood) and returns a spatial 

225 impact layer along with a statistical summary and action questions. The socioeconomic process 

226 simulation in HazardCM benefits greatly from the resilience.io model (Triantafyllidis et al., 2018), 

227 which aims to build a more resilient city by assessing infrastructure design and effectiveness in 

228 meeting growing resource demands through integrating a set of models of infrastructure systems 

229 within a socioeconomic context. HazardCM is also inspired by WaterMet2 (Behzadian et al., 2014) 

230 and RepastCity (2012) in modeling the urban water and traffic systems and Repast Simphony 

231 (2016) and Netlogo (2018) in defining the agents and behaviors. 

232 The model components follow a sequentially implemented mechanism, which includes:
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233 (1) hazard-related city elements modeling that provides spatial and feature expressions of the 

234 geographical entities of the city (see Section 3.2);

235 (2) agent-based modeling (ABM) as the simulation module that estimates the population’s spatial 

236 and temporal distribution and its change (see Section 3.3);

237 (3) a human–hazard coupled module that reconstruct the simulated hazard elements to adapt to the 

238 city system framework (see Section 3.4); and

239 (4) a DYE calculation as the simulation module that systematically combines the hazard and 

240 human evolution processes with respect to the usefulness of these processes in order to quantify 

241 the consequences of rainfall-related hazards (see Section 3.5).

242 The model can be driven by different configurations of hazards and city systems to derive the 

243 spatial distribution and evolution of human exposure. The detailed description of the scenario 

244 design is given in Section 5.5.

245 3.2 Hazard-related urban environment modeling

246 Due to the complexity of a city, its geographical entities such as buildings, bridges, and lawns 

247 cannot be modeled individually. Instead, HazardCM divides the city into a series of blocks 

248 according to land use and road networks. If the discretization is carried out on different spatial 

249 scales, the result is multiple resolutions of blocks. With higher spatial resolutions, more details of 

250 the city can be identified but at the cost of computational efficiency. 

251 For each block, the input–output flow (water, energy, and waste) moves through networks that 

252 allow resources to import and export. Four types of input–output flows are considered in 

253 HazardCM: water, wastewater, electricity, and gas. Considering the limited damage of the hazards 

254 used in this study (flood and landslides) on resource flow, the network damage from hazards is 

255 ignored. The key network nodes (such as water plants and electrical substations) are considered to 

256 monitor the input and output flow function for each block.

257 In the HazardCM model, blocks are classified based on land use, and most are recognized as either 

258 Residence, Business, or Recreation, indicating the most important commutes of citizens within a 

259 day. Other city elements are classified into these three types as well, for example, a restaurant is 

260 considered as a Business block if it covers a large area or is merged with a Resident block if it only 

261 occupies some floors of a residential building. As exceptions, chemical-related and public-related 
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262 blocks are classified separately due to their potential risks/impacts. The chemical-related blocks 

263 include printing offices, petroleum, pharmaceutical, and plastics factories. Damage to such blocks 

264 may result in serious environmental impacts. Although a pollutant diffusion model is not included 

265 in HazardCM, the chemical-related blocks will be highlighted and tracked as a hazard event 

266 progresses. Public-related blocks include fire stations, police stations, water plants, power plants, 

267 schools, and hospitals. Damage to these blocks may cause breakdowns of public services and 

268 subsequent damage to the whole city system. In other words, consequences from a given hazard 

269 may transfer from one block to another because of their interconnected nature.

270 Based on the aforementioned facts, it is necessary to consider elements that may be at a greater 

271 risk of failure because of their physical, geographical, cyber, or logical connections in the city 

272 system. To model these connections, HazardCM uses the graph theory to simulate the virtual 

273 connections among different blocks and uses the correlation matrix (CM) to describe the subsistent 

274 network. The virtual connection indicates the unseen interconnections among different elements, 

275 such as hospitals and residents. To fully understand the city system’s exposure to a hazard, it is 

276 necessary not only to represent but also to quantify these interconnections. A graph G = (N,L) 

277 consists of two sets of N (nodes) and L (links): the nodes represent a single block exposed to a 

278 hazard, while the links represent the interaction among the blocks. HazardCM focuses on building 

279 the graph network for public-related blocks. It assumes that all households choose or are assigned 

280 public services in the geographical area nearest to them. Such an assumption is applicable for most 

281 types of public services, such as police and fire stations, but cannot be used for some self-selecting 

282 public-related blocks. For example, theoretically speaking, it is possible for a child to choose any 

283 school rather than the one nearest to him or her within a city. However, the disturbance caused by 

284 such exceptions is acceptable as we are interested in modeling the generalized relationship among 

285 city elements on a large scale instead of accurately simulating it for each individual person. 

286 The subsistent network represents the transit resources (such as water and electricity) among 

287 different blocks. The connectivity between two blocks is expressed as a positive number or zero 

288 in the CM. The stroke model (Li and Dong, 2010; Porta et al., 2006) is used to generalize the 

289 subsistent network. The stroke technique concatenates separate line segments (e.g., conduits) into 

290 longer lines to detect and resolve spatial inconsistencies; this provides a more integrated structure 

291 to further improve the efficiency of subsequent processing (Li and Dong, 2010). As the model 
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292 focuses on the connectivity among different blocks, dynamic flow simulation is not carried out in 

293 the model. 

294 One of the most important factors of each block is the population within it. As people can travel 

295 among different blocks and are affected by the environment, the population changes with time. A 

296 detailed description regarding the simulation of the spatial and temporal distribution of the 

297 population and its relationship to the hazard’s progression is given in the following section.

298 3.3 Agent-based modeling of human activity

299 ABM uses a type of computational model that can simulate the actions and interactions of 

300 autonomous agents in order to assess their effects on the system (House‐Peters and Chang, 2011). 

301 The ABM of human activity established in this study included agents and daily routine maps. The 

302 agent represents a single person or group of people in HazardCM. Some details about agents and 

303 their attributes are shown in Table 1. In the ABM, the first step is to generate a sample of agents. 

304 A master table, which contains approximately 1,000 agents per block using 12 combinations of 

305 characteristics, as per Table 1, is used by the ABM to draw a random sample of agents for the 

306 simulation. The sample number is a balance between efficiency and quality, and the number 1,000 

307 was chosen for the study area by a series of experiments. The final simulation outcome based on 

308 these agents is scaled up according to their proportion of the population to obtain results for the 

309 whole population.

310 Table 1: Agent type.

Variables Values

Gender Male/Female

Age 0-17/18-60/60+

Professional status Employed/Not active or unemployed

Education Level(Highest 

diploma)

University, school-college, bachelor/No 

diploma

Travel mode Walk/Bus/Car

311 The second step involves all agents beginning at their respective home blocks to begin the model 

312 scenario. Each agent either stays in a building or moves through the model domain along the road 

313 network from a start block to a target block. The choice and time of the journey are defined by the 

314 daily routine map as described earlier. The locations of agents are tracked, and the population of 

315 each block is aggregated at each time step.

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672



13

316 The third step is to run the agent activity-based model, which simulates the agents’ locations that 

317 vary over the course of the day. As discussed in Section 2.2, the activity-based model represents 

318 the processes related to the daily mobility and sequence of human activities including where agents 

319 are (e.g., inside a building, on the road) and what they are doing (e.g., studying, working) at 

320 different times of the day and across the days of the week (Terti et al., 2015). The daily routine 

321 map is defined in HazardCM to guide the behavior of citizen agents. In the daily routine map, each 

322 agent is described using a probabilistic finite state machine that describes his or her possible states, 

323 the actions he or she can take, and the transitions between states. A similar method was used in 

324 Dawson et al. (2011) and Terti et al. (2015). An example of a synthetic daily routine map for an 

325 agent with demographic properties is shown in Figure 2. 

326

Home

Home

Work

P=0.8

P=1

Idle

P=0.7

SchoolP=0.2

Leave at 08:00 Park for 10 min

P=1

School

P=0.8

Park for 10 min

Work
Stay until 

17:30

P=0.2

Recreation

P=0.3

P=1 Stay until 

21:00

Leave at 19:00

327 Figure 2. Example of daily activity behaviour map for an employed male agent aged 18–60 years.

328 In this example daily routine map, the agent starts the day at 8 am on weekdays. There is a 0.8 

329 probability that he will go straight to work, going home, and so on.  The detailed daily routine map 

330 generated from travel survey and census data is given in Section 5.3.

331 In addition, human behavior during the hazard event is determined by the coincidence of the hazard 

332 event with the individual’s daily scheduled activities (Terti et al., 2015). The agent will take action 

333 under three kinds of situations: perception of environmental cues (e.g., heavy rain), perception of 

334 hazard (e.g., water depth and velocity exceed a certain threshold at the agent’s location) and 

335 receiving of warning messages. The nature and dynamics of the agent’s adaptations will differ 

336 according to the location and activity he or she was performing when he or she felt the need for 

337 action (Ruin et al., 2014; Terti et al., 2015). If the agent perceives a threat, he or she will choose 

338 to take an action with a predetermined probability, otherwise he or she will continue the routine as 

339 normal. The reaction is achieved by defining different daily routine maps for each hazard 
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340 adaptation. For example, the daily routine maps for bad weather and warning scenarios are shown 

341 in Figure 3. The “bad weather” scenario was similar to the “daily activity” pattern. For instance, 

342 the change in travel probability during “bad weather” due to a rainstorm reflected the adaptive 

343 behavior of residents. The “warning” scenario assumed that the government had issued early 

344 warning information at 08:00 LT, that schools had suspended classes on weekdays, and that the 

345 resident responses were stronger than those to the “bad weather” scenario, thereby resulting in a 

346 greater difference in activity patterns.

347   

Home

Home

Work

P=0.8

P=1

Idle

P=0.8

SchoolP=0.2

Leave at 08:00 Park for 10m

P=1

School

P=0.8

Park for 10m

Work
Stay until 

17:30

P=0.2

Recreation

P=0.2

P=1
Home

Home

P=0.8

P=1

Idle

P=1

Leave at 

08:00

Work

Stay until 

17:30

P=0.2

348 (a) Bad weather (weekday)                                                            (b) Warning (weekday)

349   

Home
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RecreationP=0.6Idle

P=1

Stay until 

17:00

Leave at 

09:00
P=0.2

Shop

P=0.2 Park for 2h

P=1

Home

Home

RecreationP=0.2Idle

P=1

Stay until 

17:00

Leave at 

09:00
P=0.7

Shop

P=0.1 Park for 2h

P=1

350 (c) Bad weather (weekend)                                                     (d) Warning (weekend)

351 Figure 3. Daily routine maps for bad weather and warning scenarios.

352 It is worth mentioning that the ABM includes some basic assumptions. For example, human daily 

353 activity follows a fixed and periodic scheme. Daily periodic activity is assumed to be fixed. 

354 However, strictly speaking, the location of most people within the city at a given time is conditional 

355 and random, especially at the dividing point where location changes. In addition, only citizens 

356 within the city are considered in HazardCM while the incoming and outgoing population is ignored. 

357 3.4 Human–hazard coupled method
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358 In HazardCM, the hazard process is coupled with the city system externally or internally depending 

359 on the complexity of the hazard’s evolution. The external coupled method independently simulates 

360 the hazard process and couples it with HazardCM through a dynamic link library, while the internal 

361 coupled method is coded inside HazardCM and directly communicates with other functions. The 

362 internal method is certainly more efficient, but it is difficult to interpret and implement all hazard-

363 related physical processes. Considering HazardCM aims to couple with various kinds of hazards, 

364 the external coupler with a mature hazard simulation model is more practical for our purposes.

365 The city system is interpreted as a series of blocks in the shape of an irregular polygon. The output 

366 of the hazard model should be transferred to this unit as well. Two kinds of transformations are 

367 supported in HazardCM: polygon to polygon and raster to polygon. The GIS spatial analysis 

368 packages were adopted to implement these transformations. A topological relation is first 

369 established to construct the spatial connection between model output units and city blocks. All 

370 output values contained in a city block are then summarized by averaging, counting, maximizing, 

371 and the like. 

372 3.5 City dynamic exposure assessment

373 In traditional exposure assessments, the city elements layer (e.g., buildings and population) is 

374 overlaid with the hazard footprint to obtain a direct exposure layer that represents the direct impact 

375 of a hazard on the city system. Based on the simulated results of the hazard’s evolution and human 

376 activity, HazardCM investigates the city’s dynamic and systematic exposure to the hazard. The 

377 DYE reveals the dynamic characteristics of the city elements while considering people’s mobility 

378 and adaptation actions when faced with hazards. 

379 The exposure and hazard variables have to be predefined in the model. In HazardCM, buildings 

380 (different types), roads, and population are the three major exposure variables. Special attention is 

381 paid to the road network as it links the city elements and transfers hazard consequences from one 

382 block to others and is often disrupted due to natural hazard events. Population exposure indicates 

383 the population affected by the hazard. People on the road are particularly exposed to road hazards 

384 (such as flooding) during their daily mobility (Shabou et al., 2017).

385 In terms of hazard variables, there are different combinations of indicators for different hazards. 

386 Taking flooding as an example, Figueiredo et al. (2018) listed all the hazard variables in current 

387 publications and found that water depth, flow velocity, inundation duration, contamination, and 
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388 return period have been used. For landslides, indicators such as sediment volume and depth can be 

389 used as hazard variables. Considering the hazard simulation model used in this study, both water 

390 depth and velocity were used to determine flood exposure, while the occurrence of landslides was 

391 used as the landslide variable. The selection of variable threshold is discussed in Section 5.3.

392 4. Hazard process modeling

393 4.1 Urban flood modeling

394 The two-dimensional hydrodynamic model LISFLOOD-FP (Bates and De Roo, 2000) can be used 

395 to simulate the evolution of a flooding event. The hazard simulation process is coupled with the 

396 city system using the external coupled method. LISFLOOD-FP, developed at the University of 

397 Bristol, integrates a one-dimensional river hydraulic movement and a two-dimensional floodplain 

398 water movement based on a raster grid. Since the model was published in 2000, it has been widely 

399 used around the world and has been proven to simulate properly flood inundation for fluvial, 

400 coastal, and urban events (Coulthard et al., 2013; Wood et al., 2016; Lant et. Al., 2010; Ozdemir 

401 et. Al., 2013). 

402 LISFLOOD-FP assumes that the flow between two cells is simply a function of the free surface 

403 height difference between those cells (Bates and De Roo, 2000):

404                                                                                                              (3)
𝑑ℎ𝑖,𝑗𝑑𝑡 =

𝑄𝑖 ‒ 1,𝑗𝑥 ‒ 𝑄𝑖,𝑗𝑥 + 𝑄𝑖,𝑗 ‒ 1𝑦 ‒ 𝑄𝑖,𝑗𝑦∆𝑥∆𝑦
405                                                                                                           (4)𝑄𝑖,𝑗𝑥 =

ℎ 5/3𝑓𝑙𝑜𝑤𝑛 (ℎ𝑖 ‒ 1,𝑗 ‒ ℎ𝑖,𝑗∆𝑥 )
1/2∆𝑦

406 where  is the water free surface height at the node (i,j);  and  are the cell dimensions;  is ℎ𝑖,𝑗 ∆𝑥 ∆𝑦 𝑛
407 the effective grid scale Manning’s friction coefficient for the floodplain; and  and  describe 𝑄𝑥 𝑄𝑦
408 the volumetric flow rates between floodplain cells in  and  directions. The flow depth, , 𝑥 𝑦 ℎ𝑓𝑙𝑜𝑤
409 represents the depth through which water can flow between two cells, and  is defined as the  𝑑
410 difference between the highest water-free surface in the two cells and the highest bed elevation. 

411 The detailed description of LISFLOOD-FP can be found in Bates et al. (2013).

412 4.2 Landslide modeling

413 The simple, open-source model SHALSTAB is introduced in HazardCM for landslide modeling 

414 (Montgomery and Dietrich, 1994). SHALSTAB is a physically-based model designed for 
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415 identifying areas susceptible to rainfall-triggered shallow landslides on a hydrological catchment 

416 scale. The model started as a digital terrain model for mapping the pattern of potential shallow 

417 slope instability by building upon the hydrological model TOPOG (O'loughlin, 1986). The slope 

418 stability component uses the relative soil saturation to analyze the stability of each topographic 

419 element for the case of cohesionless soils of spatially constant thickness and saturated conductivity 

420 (Montgomery and Dietrich, 1994). 

421 The model output constitutes landslide susceptibility and critical rainfall. Landslide susceptibility 

422 ranges from 1 to 7, and the specific meaning of each value is shown in Table 2. For example, the 

423 value 2 indicates that the area is prone to landslides under the rainfall of 0 mmday-1 to 30 mmday-1 

424 (critical rainfall).

425 Table 2: The meaning of different landslide susceptibility values.

Landslide 

susceptibility value

Critical rainfall 

(mm/day)

1
Unconditionally 

Unstable

2 0-30

3 31-100

4 101-150

5 151-200

6 201-999

7 Stable

426 There are of course more complicated models that describe the mechanism of the landslide process. 

427 However, SHALSTAB can be used as an approximation of the surficial mechanics controlling 

428 slope stability (Dietrich and Montgomery, 1998). It is implemented as an internal coupled method 

429 in HazardCM.

430 5. Case study

431 5.1 Software implementation

432 The model was implemented in Visual Studio Code and Python programming language using 

433 simulation libraries including Qt, Geopandas, and Matplotlib. A series of different software tools 

434 were used in the making of this model: QGIS (2018) to provide spatial analysis packages; Network 
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435 X (Hagberg et al., 2008) to analyze the traffic routines of citizen agents; and YAML (2017) for 

436 data serialization of model input–output.

437 5.2 Data analysis and pre-processing

438 The city of Lishui in Zhejiang Province, China, was chosen as the area for pilot-testing the model. 

439 The center of Lishui is relatively flat and surrounded by mountains, with the Oujiang River running 

440 across its southern and eastern areas (see Figure 4). During the flooding period in May and June, 

441 the frequency of heavy rainstorms and persistent concentrated rainfall events rise remarkably, 

442 raising the probability of floods and landslides. The study area mainly covers the central district 

443 of Lishui with an area of 43.4 km2 and has a population of about 71,673 (see Figure 4). 

444

445 Figure 4. Map of the study area.

446 Table 3: Description of the data used.

Data Source Date Use

Digital elevation model Local government 2013 Topography

Basic geographic data Local government 2015 Location of river and building

Chemical points Local government 2018 Location

Network data Local government 2015

Location of rainwater, 

wastewater, water supply, 

electricity, gas and road 

networks.

1 km grid population data

National Earth System Science 

Data Sharing Infrastructure, 

National Science & Technology 

Infrastructure of China 

(http://www.geodata.cn)

2010
Number of residents in grid of 

the study area.
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Population profile

Lishui Statistical Yearbook and 

Liandu Yearbook 

(http://tjj.lishui.gov.cn)

2014

Gender profile, age profile, 

education level profile, 

employment profile and travel 

mode profile.

Traffic flow data Local government
June 2017 

-July 2017

Number of vehicles passing 

through traffic intersections 

within one hour.

Historical hazards survey
Local government 

(http://www.zjjs.com.cn)
2014

Location and time of historical 

hazards

447 The environmental data to support both flood and landslide simulation and the socioeconomic data 

448 to drive the ABM were collected for the study area. The descriptions and sources of the major data 

449 used are listed in Table 3. The data were pre-proceed to unify the coordinate system, extent, and 

450 scale. To conduct the model parameterization, census data were obtained from the local survey 

451 department. 

452 The rainwater, wastewater, water supply, electricity, gas, and road networks are shown in Figure 

453 5. Only newly built communities in Lishui have a gas pipeline network.

454

455

456 (a) Rainwater network                                (b) Wastewater network                               (c) Water supply network          
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457

458

459 (d) Electricity network                                (e) Gas network                                           (f) Road network

460 Figure 5. Map of the networks.

461 5.3 Initial conditions and parameter calibration

462 HazardCM organizes the city with a series of blocks connected by a variety of networks. According 

463 to land use data, the study area was divided into 293 blocks (see Figure 6). The blocks were 

464 classified by residence, business, recreation (e.g., shopping center, museum, tourist attraction, and 

465 park), public services (e.g., school, hospital, fire station, police station, power plants, and water 

466 plants) and others (e.g., river). Chemical type was not shown since the data was point type. The 

467 mountains were classified as recreation blocks (for travel), locating on the northern and eastern 

468 sides of the study area. The resident blocks are surrounded by mountains and the river dominate 

469 the study area. 
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470

471 Figure 6. Map of blocks.

472 The complex and intricate networks were generalized based on their capacity and structure. The 

473 original dense network was represented by a simpler network, where their connection nodes were 

474 set at the center of blocks. In the programming, the network connection was expressed with a two-

475 dimensional matrix. There may be a degree of loss with this generalization. For example, the 

476 original multiple connections between two blocks were simplified into one. However, the model 

477 is most concerned with connections among different blocks.

478 There are two components driving the agent-based model: how the citizen agents behave under 

479 normal situations that determine where they are at different times of the day and how agents 

480 respond to a hazard event, or adaptation measures. Based on the local survey, sample logs of travel 

481 patterns for different agent types were generated (see Figures 2 and 3). The probability of being in 

482 a state was also parameterized using the proportion of journeys in each travel pattern, thus 

483 producing the daily activity behavior parameters. At the start of the HazardCM model, the agent 

484 population was generated and randomly located within residential blocks. The total number of 

485 human agents was set to 71,673 by balancing the computation efficiency and representation. The 

486 time 00 am was chosen as the start time of the model for all events because most people are at 

487 home at this time. The time step iteration was set to 30 minutes, which means the status (including 

488 location) of agents changes every 30 minutes.
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489 For the LISFLOOD-FP and SHALSTAB simulations, the grid size was set to 5 m to be consistent 

490 with the DEM map. All simulations were calibrated to the runoff flow and runout patterns in the 

491 flood and landslide inventory. Calibrations were performed manually by altering related input 

492 parameters. All elements (including humans, buildings, and roads) were exposed to a floodwater 

493 depth of more than 25 cm and a velocity of more than 2.5 m/s, which are considered to be consistent 

494 with flood exposure elements. As the SHALSTAB model can only reveal the occurrence of 

495 landslides, blocks that included landslide exposure elements were set to experience landslides 

496 during the simulation.

497 5.4 Validation 

498 The difficulty of validating the proposed model lies in its complex components and scarce 

499 observations. There is no direct way to assess the final output (city exposure to hazards) of the 

500 model. Instead, we used structural validation to check whether each component of the model and 

501 its theoretical foundations and underlying assumptions were correct and reasonable (Galán et al., 

502 2009). 

503 The simulation of floods and landslides can be validated using available observation data. 

504 HazardCM is designed to support different hazard models, so it does not require the hazard 

505 simulation to be flawless. Both the LISFLOOD-FP and SHALSTAB models have been used for 

506 years and have been proven to be efficient (see Section 4). Thus, a careful calibration of the hazard 

507 simulation using historical data from 2014 was carried out. 

508 In addition, in the ABM, we have followed the basic structure of InaSAFE and the resilience.io 

509 model, both were validated by a board of stakeholders and domain experts. The most important 

510 output from the ABM is the spatial and temporal population distribution. Despite the difficulty of 

511 observing the population distribution for the whole city, the population flow at some vital road 

512 junctions can reflect it to some extent. For this reason, the simulated population flow was compared 

513 to traffic observations at road junctions. 

514 In fact, this whole exercise highlights the importance of conducting scenario analyses rather than 

515 aiming for precise predictions. The aim of our model is to develop a tool to explore critical 

516 consequences from the many interrelated complex social processes involved in hazard–human 

517 interactions in the context of various alternative futures.
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518 5.5 Scenario design

519 To investigate the interactions between multi-hazards and the city system, different combinations 

520 of hazards and city elements were designed as initial conditions of the model. The hazard-related 

521 scenarios included hazard type (landslide or flood), hazard magnitude, and hazard timing, as well 

522 as location. The rainfall process and its characteristics are of great importance to landslide and 

523 flood hazards. Different return periods of rainfall can be used as inputs to produce different hazard 

524 magnitudes. The return period of 50 years was used for most demonstrations.

525 People’s daily behaviors are characterized by certain patterns with regard to daily, weekly, 

526 monthly, and yearly cycles. The hazard occurrence was configured to happen on a weekday and a 

527 weekend. The time of the hazard occurrence was set to 6 am and 6 pm. As disaster response 

528 measures adopted by local government are likely to affect people’s daily behaviors, both warning 

529 and non-warning settings were considered. 

530 Table 4: Parameter variations used in the simulation scenarios.

Scenarios Hazard type Rainstorm occurrence time Human behavior Weekdays or weekends

S1 Urban flood 6 am Daily Weekdays

S2 Urban flood 6 am Daily Weekends

S3 Urban flood 6 am Bad weather Weekdays

S4 Urban flood 6 am Bad weather Weekends

S5 Urban flood 6 am Warning Weekdays

S6 Urban flood 6 am Warning Weekends

S7 Landslide 6 am Daily Weekdays

S8 Landslide 6 am Daily Weekends

S9 Landslide 6 am Bad weather Weekdays

S10 Landslide 6 am Bad weather Weekends

S11 Landslide 6 am Warning Weekdays

S12 Landslide 6 am Warning Weekends

S13 Urban flood 6 pm Daily Weekdays

S14 Urban flood 6 pm Daily Weekends

S15 Urban flood 6 pm Bad weather Weekdays

S16 Urban flood 6 pm Bad weather Weekends

S17 Urban flood 6 pm Warning Weekdays
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S18 Urban flood 6 pm Warning Weekends

S19 Landslide 6 pm Daily Weekdays

S20 Landslide 6 pm Daily Weekends

S21 Landslide 6 pm Bad weather Weekdays

S22 Landslide 6 pm Bad weather Weekends

S23 Landslide 6 pm Warning Weekdays

S24 Landslide 6 pm Warning Weekends

531 Therefore, 24 scenarios covering the above situations were designed in this study (see Table 4). 

532 The simulated results according to different hazard, human, and city scenarios are given in Section 

533 5.6-5.8. It is worth noting that only part of these scenarios are discussed and displayed due to space 

534 limitations, but the model can manage all the mentioned scenarios.

535 5.6 Spatial and temporal distribution simulation of the population

536 The population activities were simulated in a day for three scenarios—daily (no disaster), bad 

537 weather (rainstorm), and warning (rainstorm and warning)—and considered the difference in 

538 population activities between weekdays and weekends. The model output the simulation results 

539 every 30 minutes, organized in blocks. The spatial resolution could be adapted to the study area, 

540 and in this case, the smallest block area was 391 m2.

541 Figures 7 illustrates the population distribution among the six scenarios, respectively. At 9 o’clock, 

542 there were many people in the center (business blocks) on the weekday and in the northeast 

543 (recreational blocks) on the weekend. Seen from the entire area, the population distribution on the 

544 weekday was more uniform than that on the weekend. Moreover, the three scenarios on the 

545 weekend were quite different from each other, while differences among the weekdays were not 

546 obvious. The reason is that people are more likely to cancel recreational activities than work, so 

547 the population during the weekend bad weather and warning scenarios differed significantly from 

548 the population during daily scenarios. The population trends of different blocks and roads are 

549 shown in Figure 8. Figure 8(a) indicates that, among the three weekend scenarios, the population 

550 in the recreational area (Block 77) changed more than the population in the business area (Block 

551 113) among the three weekday scenarios.
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552

553 (a) Daily, weekday (T=09:00)                                       (b) Daily, weekend (T=09:00)

554

555 (c) Bad weather, weekday (T=09:00)                            (d) Bad weather, weekend (T=09:00)

556

557 (e) Warning, weekday (T=09:00)                                  (f) Warning, weekend (T=09:00)

558 Figure 7. Map of population distribution.
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560 (a) Block population                                                                    (b) Road population

561 Figure 8. Changes of population with time. S1-6 mean six flood scenarios as shown in Table 4.

562 The reliability of the simulation of the spatiotemporal population distribution was indirectly 

563 verified by using traffic flow data. The simulated total number of residents passing through the 

564 four intersections (such as the junction of the Liqing and Huayuan roads) and the actual measured 

565 traffic flow (multi-day average results) at the intersections during the morning and evening peak 

566 hours on weekdays and weekends are shown in Fig. 9. Real means measured value. LQ is Liqing 

567 Road, KF is Kaifa Road, HY is Huayuan Road, ZJ is Zijin Road, and LT is Lutang Street. It can 

568 be seen that the simulated and measured values were similar.
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570 (a) Weekday                                                                                 (b) Weekend

571 Figure 9. Traffic flow and population simulation results during peak hours on weekdays and 

572 weekends.

573 5.7 Urban flood and landslide simulation results

574 The Chicago hyetograph method’s (CHM) rainstorm intensity formula was used to design a 

575 rainstorm with a 50-year return period in the study area. The rainfall duration lasted six hours (6 

576 am to 12 pm for S1-6, and 6 pm to 12 am for S13-24), and the cumulative rainfall was about 148.59 
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577 mm. The CHM parameters referenced the rainstorm intensity formula of Lishui City in the 

578 “Zhejiang City Rainstorm Intensity Formula Table” published by the Hangzhou Planning Bureau 

579 of Zhejiang Province, as in Equation (5):

580                                                                                                                   (5)𝑖 =
1265.3(1 + 0.587 × lg50)

167(𝑡 + 5.919)0.611

581 where  is the rainfall intensity (mm/min) and  is the time. Based on the rainfall simulation results, 𝑖 𝑡
582 this study used the LISFLOOD-FP model to simulate the flood process in the city. The model 

583 output the simulation results (using grids with 5 m resolution) every 30 minutes. The water depth 

584 and velocity results of the flooding were extracted according to the block, and the maximum value 

585 was taken considering the block integrity. Figure 8 shows the changes in the accumulated flooded 

586 block area in terms of differences in water depth and velocity, reflecting the dynamic 

587 characteristics of the flood process and its impact on the study area. According to Figure 10 (a), 

588 many blocks were flooded, and the water depth exceeded the exposure threshold. As the rainfall 

589 ended, the flooding in most blocks subsided, while the flooding in a few blocks was more serious. 

590 Additionally, as seen in Figure 10 (b), the water velocity of a few blocks overtook the exposure 

591 threshold at a later stage of the rainfall (2 - 6 hours).
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595 (b)

596 Figure 10. Changes of flooded area in different time steps.

597 The r.shalstab model was used to determine the study area’s susceptibility to landslides. Time and 

598 spatial resolutions of landslide susceptibility were the same as those of the flood simulation results. 

599 The rainfall data we used were the same as the simulation data used in the above flood simulation. 

600 The block with a susceptibility value between 1 and 4 would be exposed to landslides. The 

601 landslide susceptibility results according to the block are as shown in Figure 11, which corresponds 

602 to 6 am, when the rain started. Figure 12 shows the block area with different susceptibility at 

603 different times. It can be seen that the area of the unconditionally unstable block remained stable, 

604 while the others slightly rose or declined during the rainfall period because of the water velocity 

605 change. 

606

607 Figure 11. Map of landslide susceptibility.
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609 Figure 12. The area of blocks with different landslide susceptibility in different time steps. 

610 5.8 City dynamic exposure to hazard events

611 The exposure of roads and buildings to flooding and landslides were represented by exposed road 

612 length and building area, respectively. They were determined by coupling the two results described 

613 above, including the simulation results of the hazard and population distribution. Figure 13 

614 indicates the exposure of the road and building to flooding and landslides at 12 pm, when the rain  

615 (6 am to 12 pm) ended. In terms of their distribution, the southern part of the study area was more 

616 exposed to floods, while the northern areas were more susceptible to landslides, which is consistent 

617 with the topography of the study area. 

618

619 (a) Road exposure (Flood, T=12:00)                                          (b) Building exposure (Flood, T=12:00) 
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620

621 (c) Road exposure (Landslide, T=12:00)                                   (d) Building exposure (Landslide, T=12:00)

622 Figure 13. Map of road exposure and building exposure to flood and landslide (rainstorm during 

623 6 am to 12 pm).

624 The changes in road and building exposure in the study area are shown in Figure 14. It can be 

625 found that the exposure to the flood changed greatly, while that of the landslide remained basically 

626 unchanged. And the landslide posed a greater threat to the road than the flood; while for the 

627 building, the maximum exposed building area during flooding was more than twice that of the 

628 landslide.
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630 (a) Road exposure                                                                          (b) Building exposure

631 Figure 14. Changes in road and building exposures (rainstorm during 6 am to 12 pm).

632 Changes regarding total population exposure of all blocks in different scenarios are shown in 

633 Figure 15, which demonstrates that the population exposure was dynamic. Specifically, the 

634 exposed population to floods increased rapidly with the accumulation of water, and then fluctuated 

635 and finally remained stable (Figure 15 (a)). As for the population exposure to landslides (Figure 

636 15 (b)), the number rose to the maximum immediately at the beginning of rainfall. After two hours, 
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637 it decreased with the movement of population and remained stable until 17 pm, and then went up 

638 to the same maximum as before and remained stable. Compared with floods, landslides posed a 

639 greater threat to the population of the study area. In Figure 15 (c), exposed population at night was 

640 similar among different scenarios due to stable population distribution, and changed with flood. 

641 For landslides in Figure 15 (d), exposed population remained stable during night which was the 

642 results of stable susceptibility and population distribution. In addition, it was obvious that 

643 population exposed to flood which happened at night was much larger than that in the day.
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645 (a) Flood (6 am)                                                                            (b) Landslide (6 am)
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647 (c) Flood (6 pm)                                                                            (d) Landslide (6 pm)

648 Figure 15. Changes in the population exposure for the 24 scenarios.

649 6. Discussion

650 HazardCM was based on the assumption that there is no migration into and out of the city. 

651 Therefore the mobility of population spatial and temporal distribution simulation results was 

652 smaller than the actual situation, which caused uncertainty of the results of population exposure. 

653 Although the number of migrants in the urban area during daytime is large owing to its 

654 geographical location, it is difficult to set up daily routine maps for such people. So far, we have 

655 not obtained related data and information about the percentage of this type of population and their 
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656 movements in the study area. We will consider adding this type of people when we have enough 

657 data to set up their daily routine maps in the future.

658 As we considered people’s responses to disasters, we noted that different choices of activities were 

659 available to them in each scenario, resulting in different exposure levels for the population at the 

660 same time. The exposed population to floods and landslides in the warning scenario was the 

661 greatest among daily, bad weather, and warning scenarios. The reason is that this study assumed 

662 that the disaster response behavior adopted by residents corresponds to reduction in travel, that is, 

663 the residents directly choose their residential area as shelters but not based on the exposure level 

664 of the residential area. Therefore, when a residential area was exposed to a landslide, the residents 

665 chose to reduce travel in the disaster scenario, resulting in an increase in the population of the 

666 residential area, and thereby increasing the exposed population. 

667 By coupling the simulation of different disaster scenarios, including different disaster type and 

668 occurrence time, with different scenarios of population activities, we can obtain the spatial 

669 distribution and change process of road, building, and population exposure in the region. High-

670 resolution and quantitative results can support policy makers and minimize casualties and damage 

671 to roads and buildings.

672 Based on HazardCM, we only designed 24 scenarios to investigate dynamic exposure of different 

673 hazard type (urban flood and landslide), hazard occurrence time (day and night), human behavior 

674 (daily, bad weather, and warning), and weekdays or weekends. The intensity of a rainstorm (or 

675 flood / landslide) cause different impacts on a city system. We had made some attempts in this 

676 aspect which not included in this paper. For example, Zhu et. al. (2018) investigated the influence 

677 of urban flooding on traffic congestion, with diverse rainfall return periods and various durations 

678 of flood occurrence.

679 7. Conclusion

680 This study proposed a human–hazard coupled platform for calculating accurate spatiotemporal 

681 DYE in the context of different types of natural hazards. The platform includes the following key 

682 components: 1) an urban environment module that provides an analysis framework and spatial 

683 expression of city elements, including buildings and networks; 2) an ABM module that includes a 

684 human activity model and human adaptation in a hazard environment; 3) a hazard coupled module 

685 that connects hazards to human activity within the urban environment through an external or 
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686 internal coupler; and 4) an assessment module that estimates the DYE of natural hazards. The 

687 rainfall-triggered natural hazards (flood and landslides) during extreme hydrometeorological 

688 events were modeled, and their DYE was investigated in a typical city in China. Compared with a 

689 traditional exposure estimation model such as InaSAFE, which assumes the exposure elements are 

690 static and ignores the interactions among these elements, this model offers a way to investigate the 

691 space–time characteristics of exposure while considering the dynamic nature of both humans and 

692 hazards. 

693 As natural hazards and cities are regarded as systems of systems, modeling them with special 

694 consideration for the integration between them is extremely complicated. The proposed platform 

695 certainly has limitations in reflecting all details within the human–hazard environment. For 

696 example, there are a number of parameters such as hazard exposure threshold that are determined 

697 subjectively, which may introduce uncertainty to the final outcomes. The validation of the hazard 

698 simulation and exposure calculation was not investigated completely in this study, as some 

699 observed data were difficult to obtain. Nevertheless, the proposed model can improve our 

700 understanding of hazard–human interactions in a united platform and support stakeholder decision-

701 making in risk management of natural hazards. More natural hazards will be included in future 

702 research, and integrated modeling of multi-hazards will also be investigated. The model will be 

703 published as open source in the near future. It is expected the proposed model can be applied in 

704 other cities with different hazards and urban environments.

705 Acknowledgments

706 This work was supported by the National Natural Science Foundation of China (Nos: 41871299, 

707 41771424, and 41631175), the Newton Fund via the Natural Environment Research Council 

708 (NERC), and the Economic and Social Research Council (ESRC) (NE/N012143/1). The authors 

709 acknowledge Zaihui Chen and Lijun Jiang in the Bureau of Surveying and Mapping of Lishui and 

710 Peng Wu in the Lishui Hydrological Station for their efforts in providing and pre-processing data. 

711 References

712 Abebe, Y.A., Ghorbani, A., Nikolic, I., Vojinovic, Z., Sanchez, A., 2019. A coupled flood-agent-

713 institution modelling (CLAIM) framework for urban flood risk management. Environmental 

714 Modelling & Software 111 483-492.

1793

1794

1795

1796

1797

1798

1799

1800

1801

1802

1803

1804

1805

1806

1807

1808

1809

1810

1811

1812

1813

1814

1815

1816

1817

1818

1819

1820

1821

1822

1823

1824

1825

1826

1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848



34

715 Aerts, J.C.J.H., Botzen, W.J., Clarke, K.C., Cutter S. L., Hall J. W., Merz B., Michel-Kerjan E., 

716 Mysiak J., Surminski. S., Kunreuther H., 2018. Integrating human behaviour dynamics into flood 

717 disaster risk assessment. Nature Clim Change 8 193–199.

718 Arentze, T., Timmermans, H., 2000. Albatross: a learning based transportation oriented simulation 

719 system. Citeseer.

720 Atun, F., 2014. Understanding effects of complexity in cities during disasters, Understanding 

721 complex urban systems: multidisciplinary approaches to modeling. Springer, pp. 51-65.

722 Auld, J., Mohammadian, A.K., 2012. Activity planning processes in the Agent-based Dynamic 

723 Activity Planning and Travel Scheduling (ADAPTS) model. Transportation Research Part A: 

724 Policy Practice 46(8) 1386-1403.

725 Balmer, M., Axhausen, K.W., Nagel, K., 2006. Agent-based demand-modeling framework for 

726 large-scale microsimulations. Transportation Research Record 1985(1) 125-134.

727 Bates, P., Trigg, M., Neal, J., Dabrowa, A., 2013. LISFLOOD-FP User manual.

728 Bates, P.D., De Roo, A., 2000. A simple raster-based model for flood inundation simulation. 

729 Journal of hydrology 236(1-2) 54-77.

730 Behzadian, K., Kapelan, Z., Govindarajan, V., Brattebø, H., Sægrov, S., 2014. WaterMet2: a tool 

731 for integrated analysis of sustainability-based performance of urban water systems. Drinking 

732 Water Engineering and Science.

733 Bhat, C., Guo, J., Srinivasan, S., Sivakumar, A., 2004. A comprehensive econometric micro-

734 simulator for daily activity-travel pattern (CEMDAP), EIRASS workshop on Progress in activity-

735 based analysis, Maastricht, The Netherlands.

736 Bhat, C.R., Koppelman, F.S., 1999. Activity-based modeling of travel demand, Handbook of 

737 transportation Science. Springer, pp. 35-61.

738 Bisht, D.S., Chatterjee, C., Kalakoti, S., Upadhyay, P., Sahoo, M., Panda, A., 2016. Modeling 

739 urban floods and drainage using SWMM and MIKE URBAN: a case study. Natural Hazards 84(2) 

740 749-776.

741 Budimir, M., Atkinson, P., Lewis, H., 2014. Earthquake-and-landslide events are associated with 

742 more fatalities than earthquakes alone. Natural Hazards 72(2) 895-914.

1849

1850

1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

1898

1899

1900

1901

1902

1903

1904



35

743 Burton, A., Bathurst, J., 1998. Physically based modelling of shallow landslide sediment yield at 

744 a catchment scale. Environmental Geology 35(2-3) 89-99.

745 Cho, S.Y., Chang, H., 2017. Recent research approaches to urban flood vulnerability, 2006–2016. 

746 Natural Hazards 88(1) 633-649.

747 Coulthard, T.J., Neal, J.C., Bates, P.D., Ramirez, J., de Almeida, G.A., Hancock, G.R., 2013. 

748 Integrating the LISFLOOD‐FP 2D hydrodynamic model with the CAESAR model: implications 

749 for modelling landscape evolution. Earth Surface Processes Landforms 38(15) 1897-1906.

750 David, J.Y., Sangwan, N., Sung, K., Chen, X., Merwade, V., 2017. Incorporating institutions and 

751 collective action into a sociohydrological model of flood resilience. Water Resources Research 

752 53(2) 1336-1353.

753 Dawson, R.J., Peppe, R., Wang, M., 2011. An agent-based model for risk-based flood incident 

754 management. Natural Hazards 59(1) 167-189.

755 de Moel, H., Aerts, J.C., Koomen, E., 2011. Development of flood exposure in the Netherlands 

756 during the 20th and 21st century. Global Environmental Change 21(2) 620-627.

757 Dietrich, W., Montgomery, D., 1998. SHALSTAB: A digital terrain model for mapping shallow 

758 landslide potential. National Council of the Paper Industry for Air and Stream Improvement. 

759 Technical Report.

760 du Plessis A., 2019 Climate Change: Current Drivers, Observations and Impacts on the Globe’s 

761 Natural and Human Systems. In: Water as an Inescapable Risk. Springer Water. Springer, Cham

762 Figueiredo, R., Schröter, K., Weiss-Motz, A., Martina, M.L., Kreibich, H., 2018. Multi-model 

763 ensembles for assessment of flood losses and associated uncertainty. Natural Hazards & Earth 

764 System Sciences 18(5) 1297-1314.

765 Galán, J.M., López‐Paredes, A., Del Olmo, R., 2009. An agent‐based model for domestic water 

766 management in Valladolid metropolitan area. Water Resources Research 45(5).

767 Gamow, G., 1970. My world line: An informal autobiography. Viking Press, New York.

768 Garcia, R.A., Oliveira, S., Zêzere, J., 2016. Assessing population exposure for landslide risk 

769 analysis using dasymetric cartography. Natural Hazards & Earth System Sciences 16(12) 2769-

770 2782.

1905

1906

1907

1908

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960



36

771 Gärling, T., Kwan, M.-p., Golledge, R.G., 1994. Computational-process modelling of household 

772 activity scheduling. Transportation Research Part B: Methodological 28(5) 355-364.

773 Gill, J.C., Malamud, B.D., 2014. Reviewing and visualizing the interactions of natural hazards. 

774 Earth-Science Reviews 52(4) 680-722.

775 Gill, J.C., Malamud, B.D., 2017. Anthropogenic processes, natural hazards, and interactions in a 

776 multi-hazard framework. Earth-Science Reviews 166 246-269.

777 Gironás, J., Roesner, L.A., Rossman, L.A., Davis, J., 2010. A new applications manual for the 

778 Storm Water Management Model (SWMM). Environmental Modelling & Software 25(6) 813-814.

779 Gorsevski, P.V., Gessler, P.E., Boll, J., Elliot, W.J., Foltz, R.B., 2006. Spatially and temporally 

780 distributed modeling of landslide susceptibility. Geomorphology 80(3-4) 178-198.

781 Grahn, T., Nyberg, L., 2017. Assessment of pluvial flood exposure and vulnerability of residential 

782 areas. International Journal of Disaster Risk Reduction 21 367-375.

783 Güneralp, B., Güneralp, İ., Liu, Y., 2015. Changing global patterns of urban exposure to flood and 

784 drought hazards. Global Environmental Change 31 217-225.

785 Hagberg, A., Swart, P., S Chult, D., 2008. Exploring network structure, dynamics, and function 

786 using NetworkX. Los Alamos National Lab.(LANL), Los Alamos, NM (United States).

787 House‐ Peters, L.A., Chang, H., 2011. Urban water demand modeling: Review of concepts, 

788 methods, and organizing principles. Water Resources Research 47(5).

789 Hsu, W.-K., Chiang, W.-L., Xue, Q., Hung, D.-M., Huang, P.-C., Chen, C.-W., Tsai, C.-H., 2013. 

790 A probabilistic approach for earthquake risk assessment based on an engineering insurance 

791 portfolio. Natural Hazards 65(3) 1559-1571.

792 Ivy-Ochs, S., Poschinger, A., Synal, H.-A., Maisch, M., 2009. Surface exposure dating of the Flims 

793 landslide, Graubünden, Switzerland. Geomorphology 103(1) 104-112.

794 Javanmardi, M., Langerudi, M.F., Shabanpour, R., Mohammadian, A., 2016. An optimization 

795 approach to resolve activity scheduling conflicts in ADAPTS activity-based model. Transportation 

796 43(6) 1023-1039.

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016



37

797 Jongman, B., Koks, E.E., Husby, T.G., Ward, P.J., 2014. Increasing flood exposure in the 

798 Netherlands: implications for risk financing. Natural Hazards & Earth System Sciences 14(5) 

799 1245-1255.

800 Kappes, M.S., Keiler, M., von Elverfeldt, K., Glade, T., 2012a. Challenges of analyzing multi-

801 hazard risk: a review. Natural Hazards 64(2) 1925-1958.

802 Kappes, M.S., Papathoma-Koehle, M., Keiler, M., 2012b. Assessing physical vulnerability for 

803 multi-hazards using an indicator-based methodology. Applied Geography 32(2) 577-590.

804 Lant, J., Durand, M., Andreadis, K., Alsdorf, D., 2010. A hydraulic modeling framework for 

805 producing urban flooding maps in Zanesville, Ohio. In Watershed Management 2010: Innovations 

806 in Watershed Management under Land Use and Climate Change 248-257.Li, J., Li, Y., Li, Y., 

807 2016. SWMM-based evaluation of the effect of rain gardens on urbanized areas. Environmental 

808 Earth Sciences 75(1) 17.

809 Li, Z., Dong, W., 2010. A stroke-based method for automated generation of schematic network 

810 maps. International Journal of Geographical Information Science 24(11) 1631-1647.

811 Lindell, M.K., Perry, R.W., 2003. Communicating environmental risk in multiethnic communities. 

812 Sage Publications.

813 McNally, M.G., 1996. An activity-based microsimulation model for travel demand forecasting.

814 Mignan, A., Wiemer, S., Giardini, D., 2014. The quantification of low-probability–high-

815 consequences events: part I. A generic multi-risk approach. Natural Hazards 73(3) 1999-2022.

816 Miller, E.J., Roorda, M.J., 2003. Prototype model of household activity-travel scheduling. 

817 Transportation Research Record 1831(1) 114-121.

818 Montgomery, D.R., Dietrich, W.E., 1994. A physically based model for the topographic control 

819 on shallow landsliding. Water Resources Research 30(4) 1153-1171.

820 Montz, B.E., Tobin, G.A., Hagelman, R.R., 2017. Natural hazards: explanation and integration. 

821 Guilford Publications.

822 NetLogo, 2018. The NetLogo 6.0.4 User Manual.

823 O'loughlin, E., 1986. Prediction of surface saturation zones in natural catchments by topographic 

824 analysis. Water Resources Research 22(5) 794-804.

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

2049

2050

2051

2052

2053

2054

2055

2056

2057

2058

2059

2060

2061

2062

2063

2064

2065

2066

2067

2068

2069

2070

2071

2072



38

825 Ozdemir, H., Sampson, C. C., De Almeida, G. A. M., Bates, P. D., 2013. Evaluating scale and 

826 roughness effects in urban flood modelling using terrestrial lidar data. Hydrology and Earth 

827 System Sciences 17(10) 4015-4030.

828 Park, Y.M., Kwan, M.-P., 2017. Individual exposure estimates may be erroneous when 

829 spatiotemporal variability of air pollution and human mobility are ignored. Health Place 43 85-94.

830 Pellicani, R., Van Westen, C.J., Spilotro, G., 2014. Assessing landslide exposure in areas with 

831 limited landslide information. Landslides 11(3) 463-480.

832 Pittore, M., Wieland, M., Fleming, K., 2014. Perspectives of a global, dynamic Exposure Model 

833 for Geo-Risk Assessment from Remote Sensing to Crowd-Sourcing. Global Assessment Report 

834 on Disaster Risk Reduction.

835 Porta, S., Crucitti, P., Latora, V., 2006. The network analysis of urban streets: a primal approach. 

836 Environment Planning B: planning design 33(5) 705-725.

837 Project, I., 2014. InaSAFE documentation.

838 Promper, C., Gassner, C., Glade, T., 2015. Spatiotemporal patterns of landslide exposure–a step 

839 within future landslide risk analysis on a regional scale applied in Waidhofen/Ybbs Austria. 

840 International Journal of Disaster Risk Reduction 12 25-33.

841 QGIS, 2018. QGIS.

842 Rasouli, S., Timmermans, H., 2014. Activity-based models of travel demand: promises, progress 

843 and prospects. International Journal of Urban Sciences 18(1) 31-60.

844 Recker, W.W., 1995. The household activity pattern problem: general formulation and solution. 

845 Transportation Research Part B: Methodological 29(1) 61-77.

846 RepastCity, 2012. RepastCity - A demo virtual city (version 3).

847 Riddell, G. A., van Delden, H., Maier, H. R., Zecchin, A. C., 2019. Exploratory scenario analysis 

848 for disaster risk reduction: Considering alternative pathways in disaster risk assessment. 

849 International Journal of Disaster Risk Reduction 39 101230.

850 Ruin, I., Lutoff, C., Boudevillain, B., Creutin, J.-D., Anquetin, S., Rojo, M.B., Boissier, L., 

851 Bonnifait, L., Borga, M., Colbeau-Justin, L., 2014. Social and hydrological responses to extreme 

2073

2074

2075

2076

2077

2078

2079

2080

2081

2082

2083

2084

2085

2086

2087

2088

2089

2090

2091

2092

2093

2094

2095

2096

2097

2098

2099

2100

2101

2102

2103

2104

2105

2106

2107

2108

2109

2110

2111

2112

2113

2114

2115

2116

2117

2118

2119

2120

2121

2122

2123

2124

2125

2126

2127

2128



39

852 precipitations: an interdisciplinary strategy for postflood investigation. Weather, climate, society 

853 6(1) 135-153.

854 Shabou, S., Ruin, I., Lutoff, C., Debionne, S., Anquetin, S., Creutin, J.-D., Beaufils, X., 2017. 

855 MobRISK: a model for assessing the exposure of road users to flash flood events. Natural Hazards 

856 & Earth System Sciences 17(9) 1631.

857 Simphony, R., 2016. Repast Simphony Project.

858 Smith, L., Beckman, R., Baggerly, K., 1995. TRANSIMS: Transportation analysis and simulation 

859 system. Los Alamos National Lab., NM (United States).

860 Sun, N., Hong, B., Hall, M., 2014. Assessment of the SWMM model uncertainties within the 

861 generalized likelihood uncertainty estimation (GLUE) framework for a high‐ resolution urban 

862 sewershed. Hydrological processes 28(6) 3018-3034.

863 Terti, G., Ruin, I., Anquetin, S., Gourley, J.J., 2015. Dynamic vulnerability factors for impact-

864 based flash flood prediction. Natural Hazards 79(3) 1481-1497.

865 Triantafyllidis, C.P., Koppelaar, R.H., Wang, X., van Dam, K.H., Shah, N., 2018. An integrated 

866 optimisation platform for sustainable resource and infrastructure planning. Environmental 

867 Modelling & Software 101 146-168.

868 West, D.B., 1996. Introduction to graph theory. Prentice hall Upper Saddle River, NJ.

869 Wood, M., Hostache, R., Neal, J., Wagener, T., Giustarini, L., Chini, M., Corato, G., Matgen, P., 

870 Bates, P., 2016. Calibration of channel depth and friction parameters in the LISFLOOD-FP 

871 hydraulic model using medium-resolution SAR data and identifiability techniques. Hydrology & 

872 Earth System Sciences 20(12) 4983-4997.

873 YAML, 2017. YAML.

874 Zhu, J., Dai, Q., Deng, Y., Zhang, A., Zhang, Y., Zhang, S., 2018. Indirect damage of urban 

875 flooding: Investigation of flood-induced traffic congestion using dynamic modeling. Water 10(5) 

876 622.

2129

2130

2131

2132

2133

2134

2135

2136

2137

2138

2139

2140

2141

2142

2143

2144

2145

2146

2147

2148

2149

2150

2151

2152

2153

2154

2155

2156

2157

2158

2159

2160

2161

2162

2163

2164

2165

2166

2167

2168

2169

2170

2171

2172

2173

2174

2175

2176

2177

2178

2179

2180

2181

2182

2183

2184


