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SUMMARY

Coastal regions are at risk of flooding because of their natural layout. Evidence of a
changing climate, like sea levels rise and more extreme weather events, along with grow-
ing populations and cities, can make the impact of floods on society even greater. Addi-
tionally, estuary regions are threatened by compound floods, i.e., flood events generated
when multiple physical drivers, e.g., the water level and river discharge, interact, even if
each driver on its own might not seem threatening.

Along the Chinese coastline, particularly in the south, cities like Shanghai and Haikou
are prone to flood, especially during the typhoon season. When typhoons hit the coast,
high storm surges and heavy rainfall can interact leading to severe impacts. Characteriz-
ing compound flooding in coastal regions poses different challenges, including identify-
ing the physical drivers that potentially generate a flood event, selecting an appropriate
numerical model to describe the interaction between these drivers in terms of frequency
and magnitude, and ensuring the quality and representativity of the available observa-
tions.

This thesis aims to tackle these challenges using cities along the Chinese coast as
case studies. It seeks to (i) provide a probabilistic characterization of the physical drivers
of compound floods, considering the effect of sea level rise, and (ii) integrate this quan-
tification with a hydrodynamic model to assess the extent and depth of compound flood
impacts in inundated areas. This approach can lay a solid foundation for developing
flood-resilient strategies and mitigating potential impacts.

Chapter 2 introduces a design approach via conditional probability for quantifying
compound flood hazards in coastal regions and its implication for infrastructure design
considering the seasonal variation in surge peak occurrence. We found that along the
southern coast of China, the severity of the expected rainfall events in case of a storm
surge peak is larger compared to the expected severity inferred from the probability dis-
tribution of annual maxima of precipitation. Consequently, from a design perspective,
implementing rainwater storage systems and facilities to mitigate hydrograph peaks is
crucial for these regions.

Chapter 3 focuses on Shanghai and investigates how relative sea level rise (RSLR) af-
fects design values for flood protection systems. We employed the D-Flow FM ocean
storm surge model to reconstruct 210 historical typhoon storm surge events in Shang-
hai to overcome the constraint of unavailable water level records. We then applied a
copula-based approach to calculate the joint probability and design value of peak wa-
ter level and accumulated rainfall with the impact of RSLR. This research improves our
understanding of how storm surges, rainfall, and RSLR interact, revealing how they col-
lectively contribute to the risk of flood in coastal areas. Thus, it is crucial to monitor and
predict the interplay of these factors for developing future design standards for better
flood preparedness.

ix



X SUMMARY

Chapter 4 reveals distinct patterns in the relationship between flooded areas and vol-
ume for both single-driven and multi-driven flood scenarios at the coastal city of Haikou
by implementing an ocean storm surge generator and urban overland hydrodynamic
model. The results highlighted storm tide (a combination of surge and astronomical
tide) as the predominant factor contributing to compound flooding in Haikou. Only ex-
amining single-driven factors would underestimate flood hazard.

Chapter 5 investigates the sensitivity of inundated areas to the relative timing be-
tween the occurrence of the rainfall peak and the storm surge peak in Shanghai and
provides a characterization of the consequent inundated areas based on the main flood
driver(s). This is achieved by inferring from the probabilistic model the severity of the
expected pairs of storm surges and rainfall events. They are then used as forcing of a hy-
drodynamic model to generate flood extent. We showed that the relative time between
the peak of flood drivers affects the extent and depth of the flood and the flood zone
classification. This can better suggest potential strategies for dealing with different types
of compound flooding for coastal cities.
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2 1. INTRODUCTION

1.1. MOTIVATION

The United Nations Intergovernmental Panel on Climate Change (IPCC) Sixth Assess-
ment Report (AR6) highlights the acceleration of climate change, driven by the conver-
gence of natural variability and human activities. Coastal urban areas in regions where
land and sea interact are highly susceptible to frequent extreme weather events, making
them hotspots for climate hazards. These events include typhoon-driven storm surges,
heavy rainfall, and rising sea levels (Adler et al., 2022). The increased tropical cyclone
activity, which altered rainfall patterns and raised storm surge intensity, combined with
sea-level rise collectively poses a growing risk to coastal communities, challenging their
safety and sustainable development (Dutton et al., 2015; Kossin et al., 2020). Chinese
cities are an example. Over 70% of Chinese cities are situated in the southeast coastal re-
gions which are exposed to seasonal typhoons (Figure 1.1)(Yi et al., 2021). In 2019 only,
storm surges and high waves caused direct economic losses of 1.826 billion USD leading
to 22 deaths and disappearances, surpassing historical averages (State Oceanic Admin-
istration, 2019). Furthermore, rapid urbanization and human-induced land subsidence
exacerbate relative sea-level rise, resulting in an "amplification effect" for flood events on
the Chinese coast (Wang et al., 2018). The interplay between climatic and environmental
factors calls for developing sustainable solutions for compound flooding risk reduction.
This will advance climate-resilient urban planning and management in coastal regions
and contribute to sustainable development and social stability.

Figure 1.1: Map of Chinese coastal cities.

The global scientific community has recently launched several research projects fo-
cused on climate-related impacts on societies, infrastructures, and ecosystems to de-
velop adaptation strategies. One of these projects, the "Integrated Research on Disaster
Risk Program (IRDR)," operating under the International Union of Sciences (ICSU), has
gained significant momentum (Handmer et al., 2021). Other important research projects
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in this domain include, for example, the United States Global Change Research Program
(USGCRP), the Sendai Framework for Risk Reduction Strategies, and the European Cli-
mate Adaptation Platform (Climate-ADAPT).

1.2. COMPOUND FLOODING

1.2.1. DEFINITION OF COMPOUND FLOODING

The IPCC Special Report on extreme events defines compound events in climate science
as (i) two or more extreme events occurring simultaneously or successively, (ii) combina-
tions of extreme events with underlying conditions that amplify the impact of the events,
or (iii) combinations of events that are not themselves extremes but lead to an extreme
event or impact when combined (Seneviratne et al., 2012). Types of compound events
could be, for example, hot-and-dry events (e.g., AghaKouchak et al., 2014; Bevacqua et
al., 2022), wildfires (e.g., Richardson et al., 2022), and floods (e.g., Bevacqua et al., 2017).

Storm surge

Land subsidence

Sea level rise

Figure 1.2: Conceptual model of compound flooding event in coastal cities.

In coastal regions, three main flood drivers can be identified: sea levels which com-
prised of storm surge, high astronomical tides, and/or waves (coastal flood); river dis-
charge (fluvial flood); and direct surface run-off from rainfall events (pluvial flood) (Fig-
ure 1.2) (Fang et al., 2021). The interaction between such drivers can lead to compound
floods. In the current literature, compound floods have been widely investigated as the
interaction between river discharge and storm surge (e.g., Bevacqua et al., 2017; Couas-
non et al,, 2020; Ganguli and Merz, 2019; Ganguli et al., 2020; Moftakhari et al., 2017;
Paprotny et al., 2020; Wu et al., 2021) and heavy precipitation and storm surge (e.g., Be-
vacqua, Vousdoukas, Zappa, et al., 2020; Feng et al., 2023; Lai et al., 2021; Paprotny et
al., 2020; Santos et al., 2021; Wahl et al., 2015), when precipitation is used as a proxy for
river discharge. Other studies investigated compound floods as a combination of river
discharge, surge, and wave height (Eilander et al., 2023); heavy rainfall on saturated soil
or coinciding with snowmelt (Poschlod et al., 2020); ENSO states, precipitation, surface
runoff, and the global averaged temperature (Liu et al., 2018).
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In recent years, Hurricane Isaac in 2012 over southern Mississippi and southeastern
Louisiana, Typhoon Haiyan in 2013 struck the Philippines, Hurricane Irma (U.S. main-
land) and Hurricane Florence (North Carolina) in 2018, and Typhoon Lekima (China) in
2019 led to severe damages due to the combined effect of heavy rainfall, strong winds,
and high storm surges (Fang et al., 2021). Understanding the driving processes of com-
pound floods and their frequency of occurrence is important for flood mitigation and
reduction strategies, especially in a changing climate (Fang et al., 2021; Wahl et al., 2015).

1.2.2, METHODS FOR MODELLING AND ANALYZING COMPOUND FLOODING
Two main approaches have been employed to model and analyze compound flooding:
data-driven and physical-based models. Each method offers unique advantages and
challenges, depending on the specific research objectives, data availability, and compu-
tational resources. Data-driven models, e.g., dependence models, often rely on multi-
variate distribution, e.g., copula families, to describe the dependence structure between
the event’s physical drivers. From these models, it is possible to generate synthetic event
sets and infer low-probability events in a way that the drivers maintain the observed de-
pendence structure. Examples are the studies by Bevacqua et al., 2017; Couasnon et al.,
2018; Moftakhari et al., 2017; Wahl et al., 2015. Both observed (e.g., Ward et al., 2018) and
hindcasts (e.g., Bevacqua, Vousdoukas, Shepherd, et al., 2020; Couasnon et al., 2020)
data have been implemented in such methods.

On the other hand, physical-based models explicitly resolve the interaction between
flood drivers over time and space providing information on the extent and depth of the
flood. Hydrodynamic model simulations have been used to understand the complex
physical interactions between drivers and their relative importance for the total flood
hazard (Couasnon et al., 2020; Shi et al., 2020; Yin et al., 2016) also during tropical cy-
clones (Kumbier et al., 2018; Zellou and Rahali, 2019), enhancing our comprehension of
region-specific compound flooding generating mechanisms.

Recent research has integrated dependence models for the probabilistic characteri-
zation of compound events with hydrodynamic models, to enhance the quantification of
compound flooding hazards. For example, Bevacqua et al. (2019) modelled the sea level
via the hydrodynamic method and evaluated the potential probability of compound
flooding hazards arising from heavy rainfall with high tidal levels via copula functions
across Europe. Moftakhari et al. (2019) proposed a method linking bivariate statisti-
cal models and hydrodynamic models to estimate compound flooding resulting from
upstream discharge and downstream water levels in tidal estuaries. Gori et al. (2020)
investigated compound flooding hazards under climate change by integrating physical
models and joint probability analysis, demonstrating its effectiveness in reducing com-
putational time for simulating compound flooding events.

1.2.3. COMPOUND FLOODING AROUND THE WORLD

Studies investigating compound flooding generally require long observation records.
Hence, most of the studies are located in the US (e.g., Bates et al., 2021; Ghanbari et
al,, 2021) and in Europe (e.g., Svensson and Jones, 2002, 2004; van den Hurk et al., 2015).
Other studies, for example, Zheng et al. (2014), Zheng et al. (2013) and Wu et al. (2018)
have investigated compound floods in Australia. Fang et al. (2021) investigated the com-
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pound along the Chinese coast during typhoon season. At the same time, few studies,
e.g., Couasnon et al.,, 2020; Ward et al., 2018, investigated the potential of compound
floods at the global scale by assessing the dependence between flood drivers via mea-
sures of correlation.

1.3. KNOWLEDGE GAPS

Due to their unique geographical location and complex ecological environment, Chi-
nese southeastern coastal cities are highly susceptible to flood hazards induced by ty-
phoons (Shi et al., 2015). Extreme rainfall and high storm surges during the typhoon
season serve as primary flood drivers contributing to the frequent occurrence of com-
pound floods (Wu et al., 2021). Even though compound flooding has been extensively
studied globally, the limited availability of water level records during typhoon events and
the small sample sizes of precipitation and storm surge observations limited compound
flooding studies along the Chinese coast (Fang et al., 2021). Moreover, the presence of
multiple drivers generating floods can challenge current engineering practices when de-
termining design values for infrastructures (Tian et al., 2023).

1.4. OBJECTIVES AND RESEARCH QUESTIONS

Following from section 1.1, section 1.2 and section 1.3, the most important challenge is

the limited insight into the quantification of compound flooding hazards generated by

storm surge and rainfall in Chinese coastal cities, especially during typhoon season.
This challenge is addressed in this thesis through two main objectives:

1. Probabilistic characterization of compound floods’ physical drivers, i.e., rainfall and
storm surge, along the Chinese coast, also under relative sea level rise.

2. Integrating statistical and physical-based models to assess compound flooding haz-
ards in Shanghai.

To achieve these two objectives, four associated research questions are formulated:

I. What are the geographical and physical factors determining the relationship be-
tween peak surge and rainfall along the Chinese coastline?

Despite compound flooding receiving significant attention globally, research on
this phenomenon in Chinese coastal regions remains scarce due to the complex-
ity of typhoon events, limited availability of data, and rapid urbanization. Here, we
investigated the relationship between surge and rainfall along the Chinese coast to
assess hotspots for potential compound floods, especially in relation to the occur-
rences of typhoons.

II. What is the added value of explicitly modelling the dependence between peak surge

and rainfall when inferring design values for compound flooding in coastal regions?

Traditional approaches for infrastructure design rely on methods investigating one
single flood driver. Floods generated by multiple drivers however require differ-




6 1. INTRODUCTION

ent approaches. For example, modelling the dependence between multiple flood
drivers can provide new information for design purposes.

III. Why do synthetic generated data provide valuable options for compound flooding
hazards assessment when available observations are limited?

The limited availability of historical data poses challenges for comprehensive haz-
ard assessment. In such a case, synthetic data can offer a valuable option to en-
large historical records.

IV. What are the potential benefits of combining probabilistic modelling and hydrody-
namic modelling for flood hazard quantification in urban environments?

The relative occurrence of the peak of rainfall and surge can alter the character-
istics (extent and depth) of the inundated land. Hence, the advantages and dis-
advantages of combining statistical models providing event magnitudes and fre-
quencies with a physical-based model explicitly calculating the interaction be-
tween the drivers are explored for the city of Shanghai.

1.5. OUTLINE OF THIS THESIS

This thesis has six chapters (Figure 1.3). Chapter 1 and Chapter 6 are introduction and
conclusions, respectively. In Chapter 1, an exhaustive exploration of compound flood-
ing is presented, including an overview of the phenomenon, challenges associated with
comprehending the interplay of contributing factors, particularly human-induced in-
fluences, and the formulation of key research questions. Chapter 6 provides conclusive
findings and insightful suggestions for future research directions. The main body of the
thesis is the collection of previous publications and is organized into two parts:

1. Probability quantification of storm surge and rainfall alone Chinese coast under
relative sea level rise (Chapter 2 and 3)

2. Compound flooding hazards quantification via hydrodynamic model in Chinese
coastal megacity. (Chapter 4 and 5)

Chapter 2 presents a copula-based framework for modelling the interdependence
between surge and rainfall along the Chinese coast. This framework is applied to esti-
mate the expected conditional probability of rainfall levels for different surge event mag-
nitudes, which is useful for mitigating urban pluvial flooding hazards and enhancing
urban flood resilience during the season when surge peaks are predominant in specific
estuarine regions.

Chapter 3 extends the analysis of Chapter 2 to Shanghai, employs the D-Flow Flexible
Mesh model to reconstruct the historical peak water level, which includes storm surge,
astronomical tide, and relative sea level rise (RSLR). Then, we applied a copula-based
method to compute the joint probability between peak water levels and rainfall during
the typhoon period.

Chapter 4 introduces a method for developing a "Typhoon Storm Surge - Heavy Rain-
fall’ compound flooding hydrodynamic model. This chapter focuses on the examination
of compound flooding through the construction of a storm surge model and an overland
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flooding model using D-Flow FM. Based on these models, we quantify the implications
of compound flooding when compared to individual single-hazard flooding (storm tide
flooding and rainstorm inundation).

Chapter 5 employs the same frequency amplification method and copula function
to develop a library of compound flooding hazard scenarios. Then, we investigate the
sensitivity of inundated areas to the timing of peak occurrences of rainfall and storm
surges in Shanghai. By analysis of compound flooding inundation maps, we identify
primary flood drivers and delineate flood zones in Shanghai.

Chapter 6 summarizes the main findings and contributions of the thesis, discusses
the limitations and uncertainties, and provides recommendations for future research
and practice.

Compound flood hazards in Chinese coastal cities (Theme, Chapter 1)

Probabilistic characterization of compound floods’ physical drivers

o Comp d floods in Sk hai including
Compound floods along Chinese coast effect of relative sea level rise
RQ I, Chapter 2 RQ II, Chapter 3

Integrating probability quantification and physical-based
modeling to assess compound flood hazards

Using physical model quantify
the interaction of storm surge and
rainfall-driven d floodi

Compound flood inundation maps and
effective mitigation strategies in Shanghai

P s

RQ III, Chapter 4 RQ IV, Chapter 5

Conclusions and recommendations (Chapter 6)

Figure 1.3: An overview of the content and structure of this thesis.
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PERSPECTIVES ON COMPOUND
FLOODING IN CHINESE ESTUARY
REGIONS

This chapter explores how compound flooding affects the Chinese coastline. A compre-
hensive regional assessment of the compound flooding potential is currently missing due
to the unavailability of water level records during typhoon events, small sample sizes of
observations, and potential biases in the selection of rainfall gauges along the Chinese
coast. Here, we analyzed 26 catchments along the Chinese coastline to identify areas at
risk of compound flooding. Catchments with a significant statistical dependence between
storm surge and rainfall are considered vulnerable. We propose a method using bivariate
copulas to derive design values for flood protection systems that explicitly consider the de-
pendence between flood drivers.

The results show that less than 40 % of the catchments (10 out of 26) are at risk of com-
pound flooding, needing special attention when designing flood protection. Interestingly,
some at-risk catchments are in northern China, not typically prone to typhoons. The find-
ings have design implications. When explicitly considering the dependence between storm
surge and rainfall, catchments in the south, exposed to typhoons, expect more severe rain-
fall than predicted based on annual maxima. In contrast, catchments in the north expect
less severe rainfall. The actual impact of compound flooding depends on the geographical
location and associated climate.

This chapter has been published as: Hanqging Xu, Elisa Ragno, Jinkai Tan, Alessandro Antonini, Jeremy D.
Bricker, Sebastiaan N. Jonkman, Jun Wang. Perspectives on Compound Flooding in Chinese Estuary Regions.
International Journal of Disaster Risk Science, 2023: 14, 269-279.
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2.1. INTRODUCTION

Around 70 % of the Chinese coastline is lower than 3 m above sea level (a.s.l.), mak-
ing it extremely sensitive to coastal flooding (Shi et al., 2020). In estuary regions, the
interactions of multiple flood drivers, such as local rainfall, wave effects, tidal ampli-
tude, and surge-tide interactions can exacerbate the probability of flooding, causing
great economic losses and casualties (Saleh et al., 2017; Vousdoukas et al., 2018). In the
literature, flood events generated by the interaction between multiple physical drivers,
which might not be extremes if considered in isolation, are referred to as compound
flood events (Couasnon et al., 2020).

In China, high storm surges and extreme rainfall during the typhoon season are the
major driving factors of flooding along the coast (Liu et al.,, 2022; Wu et al,, 2021). Ty-
phoons may produce strong onshore winds and an inverse barometric effect, which re-
sult in extreme surges, while simultaneously producing large quantities of rainfall over
land, generating surface runoff. Moreover, high sea levels can prevent the normal dis-
charge of surface runoff due to rainfall excesses, potentially leading to backwater effects
along rivers and increasing the probability of compound flooding (Kossin, 2018; Ward
etal., 2018).

China is one of the few countries in the world that are affected not only by tropical but
also extra-tropical surges (Shi et al., 2015). Typhoon surges usually hit the South China
Sea and the East China Sea coast with the characteristics of strong wind speeds, low
atmospheric pressure, intense rainfall, large waves and storm surges, and thus strong
destructive power (Day et al., 2018; Xiang et al., 2022). Many storms in the Yellow Sea
and the Bohai Sea coast usually occur in the spring and autumn (W. Fang et al., 2016).
For example, the combined effect of rainfall and storm tides during Typhoon Winnie
(TC9711) in southeastern China killed 342 people and caused a direct economic loss of
USD 4.3 billion (State Oceanic Administration, 1998). Also, severe flooding due to the
combination of surge and rainfall during super typhoon Hato killed at least 12 people in
Macau in 2017 (Wang et al., 2019). These examples emphasize the importance of study-
ing the combination of surge and rainfall in estuaries and coastal regions (Wahl et al.,
2015; Zheng et al., 2013) to avoid misrepresentations of the flood hazard and improve
the resilience of coastal systems (Ghanbari et al., 2021; Wahl et al., 2015).

The relationship between rainfall and surge in estuary regions can have a substantial
impact on coastal flood management, despite being challenging to detect from obser-
vations as the correlation between observed variables may not be significant (Bevacqua
et al., 2020; Sadegh et al., 2018). Most of the available studies on compound flooding
investigate locations in the United States and Europe, where tide gauges are densely dis-
tributed and provide more than 50 years of observed data (Bevacqua et al., 2017; Be-
vacqua et al., 2019). For example, Wahl et al. (2015) examined the dependence between
precipitation and storm surge and reported an increase in compound flood risk during
the past decades along the east coast of the United States. According to Zheng et al.
(2013), precipitation and storm surge are significantly correlated in the coastal regions
of Australia.

Although studies on compound coastal flooding in estuary locations across China
are still scarce, recent work by J. Fang et al. (2021) showed that there is a positive depen-
dence between rainfall and storm surge, especially during the typhoon season, calling
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for a more in-depth investigation of compound flooding. The current studies have lim-
itations, such as small sample sizes of observations, for example, the 23-year sample in
J. Fang et al. (2021), and potential biases in the selection of rainfall gauges. The rain-
fall gauges selected are the ones closest to the tidal gauge without a check on whether
the rainfall gauge falls within the drainage basin discharging into the sea and interacting
with the tidal gauge (Zheng et al., 2013).

Hence, this study aimed to improve the current modelling of compound flooding in
estuary regions along the Chinese coastline. This is done by analyzing longer records of
rainfall (around 36 years) and carefully selecting the rainfall gauges to be representative
of the inland water received by drainage basins discharging directly into the sea. More-
over, this study aimed to propose guidelines to derive design values for coastal infras-
tructure in relation to the season in which most of the pairs of surges and corresponding
rainfall occur.

Specifically, we first developed a copula-based framework to model the dependence
between surge and rainfall in this study, in which rainfall was used as a proxy of the
amount of inland water discharged into the sea. Then, we implemented such a frame-
work to derive information on expected rainfall as a function of the magnitude of the
surge event in cases where the interaction between surge and rainfall cannot be ne-
glected, that is, where a statistically significant correlation exists. Finally, we discuss the
implication of this approach for reducing the risk of urban pluvial flooding and increas-
ing urban flood resilience in the season in which most of the surge peaks in a specific
estuary region occur. The structure of this chapter is structured as follows. Section 2.2
provides details of the dataset and study region. Section 2.3 presents the copula-based
framework. Section 2.4 contains the results of the analysis. Section 2.5 discusses the
advantages and limitations of this work. Finally, Section 2.6 provides a summary of the
study.

2.2. DATA AND STUDY AREA

In this study, we are interested in estuary regions along the Chinese coast and prone to
compound flooding generated by the interaction between rainfall and storm surge. For
this reason, the following datasets are selected:

1) Catchment Shapefiles. HydroSHEDS database developed by the WWE-US (Figure
2.1) (Lehner et al., 2006) to retrieve catchment boundaries.

2) Rainfall. Daily rainfall (24h cumulative rainfall) time series gauges managed by the
China Meteorological Administration (CMA) and covering the period between 1979 and
2014.

3) Storm surge. Surge reanalysis data from the Global Tide and Surge Reanalysis
(GTSR, https://data.4tu.nl/) dataset. The GTSR dataset is the first global reanalysis dataset
of surges and extreme sea levels, and it is based on hydrodynamic modelling (Muis et al.,
2016). The GTSR covers the entire world’s coastline and provides a near-coast time series
of surges and tides from the Dynamic Interactive Vulnerability Assessment model from
1979 to 2014. The surge is simulated by forcing the global tide and surge model with wind
and pressure fields from ERA-Interim. Numerical simulations were carried out at a 10-
minute temporal resolution. Regarding the application of GTSR/Era-Interim for surge
during typhoon season, the GTSR produced sufficient surge results and is widely used in
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the East Asian region (Mori et al., 2019)

2.2.1. CATCHMENT SELECTION AND DESCRIPTION
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Figure 2.1: Location and area of 26 catchments along the Chinese coastline (blue dots represent tide gauges
and yellow dots represent rainfall gauges). Label A refers to the region in southern China with a latitude of
lower than 21.5 °C. Catchments labelled as B are located on the eastern coast of China, with latitudes ranging
from 30 to 37 °C. Catchments labelled as C are located to the south of the Bohai Sea, with latitudes ranging
from 37 to 38 °C. Finally, catchments labelled as D are located in northern China, with latitudes higher than
38°C.

Since we are interested in estuary regions along the Chinese coast prone to coastal
flooding, we need to select estuary locations for which catchment information, surge,
and rainfall data are available. Hence, we simultaneously looked at the relative locations
of catchment boundaries, rainfall gauges, and surge data. Then, we selected catchments
discharging directly into the sea for which at least one rain gauge within the catchment
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boundary and one surge station in the vicinity of the catchment outlet could be found.
Following this approach, we identified 26 hydrological catchments across the entire Chi-
nese coastline (Figure 2.1).

The selected catchments across the coastline have lengths up to 100 km and areas
of up to 1000 km?, except catchment C5 which has a length of 224 km and an area of
2876 km? (Figure 2.2(a) and Figure 2.2(b)). China’s coastline covers approximately 14,500
km and a range of climates. The average annual temperature in the catchments ranges
from 10.3 °C (north) up to 24.8 °C (south), Figure 2.2(c). Figure 2.2(d) shows that annual
rainfall across the 26 catchments ranges from 575.6 mm (north) up to 2183.5 mm (south).
For those catchments containing more than one rainfall gauge (8 among the 26 selected),
the weighted average of the station rainfall was considered. The weight was estimated
based on the distance to the catchment outlet. More specifically, the closest gauge has
the highest weight. A small variability between rainfall peaks of stations in the same
catchments is observed.
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Figure 2.2: Catchments investigated in this study. (a) Catchment length; (b) Catchment area; (c) Annual mean
temperature; (d) Annual mean rainfall.
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2.2.2. PAIRS OF SURGES AND RAINFALL

To develop the copula-based framework, we constructed a dataset of pairs of surge peaks
and corresponding rainfall potentially leading to compound flooding. First, we sampled
surge peaks from the daily surge reanalysis data following the peak-over-threshold ap-
proach. To ensure independence between peaks, only peaks spaced at least three days
apart were considered (Feng et al., 2018). Then, we ran a preliminary analysis on the
correlation between surge peaks and accumulated rainfall over a window of time rang-
ing from the day of the occurrence of the peak to seven days before it to investigate the
lead time in the response of the catchments to a rainfall event. Based on this analysis, we
selected the daily rainfall recorded on the day of the occurrence of the surge peak as the
rainfall event, since this combination of surge peak and corresponding rainfall gives the
highest correlation for most of the catchments. These pairs of surge and corresponding
rainfall were then used to determine a copula-based framework for compound flooding.

2.3. METHODS

A copula-based framework was used to model the dependence between flood drivers. To
quantify the probability of the compound hazard generated by the interaction between
surge and rainfall, we first evaluated the marginal distributions of surge peaks and cor-
responding rainfall. Then, we selected a copula function to evaluate the probability of
compound flooding. Finally, we estimated design values of surge and rainfall via condi-
tional probability.

2.3.1. PEAKS OVER A HIGH THRESHOLD

We select surge peaks following the Peak Over Threshold (POT) approach. According
to Coles et al. (2001) and Pickands III (1975), given a random variable X, the excess is
Xex = x — u, defined above a large enough threshold u. To ensure the independence
of the excesses, a declustering technique was also implemented to ensure the indepen-
dence of excesses (Antonini et al., 2018). The threshold u was selected based on the
empirical mean residual life (MRL) and dispersion index (DI). The MRL provides a visual
diagnostic tool to select the threshold u in which the average mean of X.x is plotted as
a function of u. A suitable u was selected where the plot is approximately linear. On
the other hand, the DI, being the ratio between the variance and the mean of the yearly
occurrence of the peaks, was used to check whether the peaks above a given threshold u
are independent and follow a Poisson distribution. The combination of MRL and DI can
indicate a suitable u.

2.3.2. COPULA MODEL

Copula functions have gained popularity in hydrological studies following the work of
De Michele and Salvadori (2003). The advantage of copula functions is their ability to
model the dependence between two (or more) random variables independently of their
marginal distributions (Sklar, 1973). Specifically, given two random variables X and Y
with continuous marginal distributions F(x) and G(y), the joint distribution of X and Y
is given by
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F(x,y)=CIF(x),G(n)] =C(w, v) 2.1

where C is the copula function and u = F(x) and v = G(y) are uniform margins.

In this study, we restricted our analysis to the most used copulas, namely Gaussian,
Clayton, Frank, and Gumbel, as the candidate functions for modelling the joint prob-
ability distributions of compound events. This is because they are all one-parameter
copulas that can cover different types of dependence behaviour, that is, symmetry in the
data (Gaussian and Frank copulas) or greater association between variables at the tails,
that is, Clayton can capture lower tail dependence and Gumbel upper tail dependence.
Moreover, when the sample size of investigated pairs is small, more complex copulas
might not provide any advantage. The parameters of each copula function were esti-
mated based on the maximum likelihood estimation (MLE) method (Haseeb and Haqqji,
2013). To select the copula that best fits the data, the following metrics were considered:
the Akaike information criterion (AIC), Bayesian information criterion (BIC), and root
mean square error (RMSE).

The AIC and BIC are defined as follows:

AIC = -2L(| y) + 2K 2.2)

BIC=-2L{| y) + Kln(n) (2.3)

where K is the number of estimated parameters in the model including the intercept
and L(f]y) is the log-likelihood at its maximum point of the estimated model; n is the
sample size. The smaller the AIC and BIC are, the better the fit (Burnham and Anderson,
2004).

The RMSE is defined as:

1 n
RMSE =,/ Y (Cc (wi, vi) = Cp (ui, v7))? 2.4)
i=1
where n is the number of pairs (1, v); C¢ is the theoretical copula, and C, is the
empirical copula. A low RMSE value indicates that the simulated and observed data are
close to each other, showing better accuracy.

2.3.3. INFERRING DESIGN VALUES VIA CONDITIONAL PROBABILITY

A probabilistic dependence model, like the copula function, can be used to infer a design
value based on the probability of occurrence of the event of interest. When dealing with
dependent variables, the (statistical) occurrence of an event, for example, a flood event
is defined as the occurrence of its physical drivers, that is, X and Y (or U and V in the
copula domain).

In the bivariate case, the probability of occurrence of the flood event of interest de-
pends on whether both the physical drivers exceed their respective thresholds u; and v,
(AND scenario, Eq. (2.5)) or whether either one or both physical drivers exceed their re-
spective thresholds (OR scenario, Eq. (2.6)) (Salvadori and De Michele, 2004). The “AND”
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scenario is frequently employed in the studies of compound flooding, as flooding is of-
ten caused by a combination of excessive runoff and high sea levels, rather than by either
factor alone.

P(U>ug)n(V>vg)=1-ug—vg+Cug,vg) (2.5)

P(U>ug)u(V>wvy)=1+C(ug, vq) (2.6)

For a fixed probability of exceedance, or return period, the pair of variables (u4,v4)
can be inferred following the "most-likely" method, which selects the pair with the high-
est density, hence the method’s name.

However, in some cases, one of the two physical drivers is the most important from a
design perspective. For example, higher storm surges, which determine hydraulic loads
on coastal and offshore structures, often result from intense typhoons in southeastern
China. Higher sea water level reduces the discharge capabilities of inland drainage sys-
tems, potentially causing pluvial flooding. In such a case, a dependent model can be
used to infer the design value of one physical driver, for example, rainfall, when the other
one, for example, storm surge, is fixed via conditional probability.

0C(u,v)
PV>v|IU=ugy)=1- ——— (2.7)
ou

2.4, RESULTS

In this section, we examine the dependence between extreme surges and corresponding
rainfall events in 26 catchments along the Chinese coastline to identify where the two
drivers more often occur together. Our analysis revealed a significant correlation be-
tween surge and rainfall in 10 catchments, primarily located in southern and northern
China. Then, we implement a copula framework to model the observed dependence and
examine changes in the probability of rainfall when conditioned on the specific value of
storm surge.

2.4.1. PEAKS SELECTION AND DEPENDENCE QUANTIFICATION

We selected surge peaks greater than the thresholds u based on the MRL and DI plots.
The thresholds (0.33-1.39 m) in all the catchments range between the 99,/ and 99.4;h
percentile of observed surges. The threshold u around Hainan Island is generally lower
than other stations because the western side of Hainan Island (South China), and the
mainland across the strait, are sheltered by Hainan Island itself, reducing the surge (Zhang
et al., 2017). In addition, the eastern side of Hainan Island has a narrower continental
shelf than the rest of the Chinese coast. Surge is proportional to the width of the conti-
nental shelf over which the wind blows. In general, a narrow continental shelf results in
a smaller surge than a wider shelf. The highest threshold obtained is around Shanghai,
at 1.3 m. A declustering time of three days is considered by Feng et al. (2018) to ensure
independence between events selected. In the end, we obtained an average of 53 ex-
cesses in the 26 catchments over 36 years. The average amount of peaks/pairs is 1.5 per
year for all catchments. The maximum number of peaks/pairs is located in Catchment
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Figure 2.3: (a) Catchments investigated; (b) Catchments in which a significant dependence between extreme
surge and rainfall was detected; (c) The occurrence of compound events in the typhoon season and the non-
typhoon season. The catchments A2, A3, A4, A5, B1, B2, B3, C4, D3, and D4 exhibit significant correlations
between extreme surge and rainfall. The levels of significance of both models emphasize the importance of
events during the typhoon season (TC, black square) and the non-typhoon season (Non-TC, black circle).
Among these catchments, the bold labels (A2 and C4) indicate those selected for further analysis. Catchment
A2 was selected due to the highest occurrence of compound events and significant dependency during the
typhoon season. Conversely, catchment C4 exhibits the strongest correlation during non-typhoon season al-
though the number of compound events is not the largest.

D7 and the minimum number of peaks/pairs is in Catchment A3. For each excess, we
selected the total daily rainfall recorded on the same day to form pairs of surges and rain-
fall. We quantified the dependence between entire excess pairs of surge peak and rainfall
via Kendall’s rank correlation coefficient 7 significance test (Hauke and Kossowski, 2011)
(Figure 2.3(a)). We detected a significant correlation (with a level of significance a = 0.05)
in 10 of the 26 catchments analyzed, especially in southern China (Figure 2.3(b)). Catch-
ments A2, A3, A4, A5 (south), B1, B2, B3 (center), C4, D3 and D4 (north) show a signifi-
cant correlation between surge and rainfall (with a level of significance a = 0.05). Eastern
Hainan Island (catchment A2) shows the highest correlation (r = 0.35). This is reasonable
since Hainan Island is highly affected by typhoons and this implies that extreme surge
conditions are often accompanied by high rainfall during typhoon events. We also find
statistical dependence between rainfall and surge in three catchments around the Bohai
Sea (C4, D3, and D4 gauges, Figure 2.3(b)). Northern China is affected by extra-tropical
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Table 2.1: Performance measures of the estimated Copula functions.

Catchments Copulatype Max-likelihood AIC BIC RMSE

A2 Gaussian 214.8 427.6 425.6 0.1615
Clayton 192.7 383.4 381.4 0.2395

Frank 223.5 445.1 443.1 0.1381

Gumbel 217.5 433.1 431.1 0.1537

C4 Gaussian 202.5 403.1 401.1 0.1468
Clayton 196.3 390.6 388.6 0.1654

Frank 206.3 410.6 408.6 0.1365

Gumbel 210.5 419.1 417.1 0.1258

storms outside the typhoon season (mainly in the late winter and early spring), which
can often cause flooding and damage.

To better understand the influence of seasonality, we count the number of events in
the typhoon season (July to October) and the non-typhoon season (November to June
of the following year) separately. Figure 2.3(c) shows the number of compound events
in the typhoon season and the non-typhoon season. After an analysis of the surge peak
events, we found that in the south, most of the compound events occur in the typhoon
season while in the north, most of the compound events occur during the non-typhoon
season.

2.4.2. SELECTING THE COPULA MODEL

To further analyze the dependence between surge and rainfall and the implication of
such dependence on infrastructure design, we focus the following analysis on two loca-
tions: Hainan Island (catchment A2) and the Bohai Sea (catchment C4). These locations
show positive and significant correlations between storm surge and rainfall. However,
in catchment A2 (7 =0.35) the highest number of surge peaks (46) are observed during
typhoon season, while in catchment C4 (7 = 0.24) the highest number of surge peaks are
observed during the non-typhoon season (36). Based on the results in terms of AIC, BIC,
and RMSE (Table 2.1), the copulas that best fit the observations are Frank for catchment
A2 and Gumbel for catchment C4. Here, empirical margins are assumed.

Following the most-likely approach and based on the “AND” hazard scenario, that
is, both rainfall and surge should be above their respective thresholds, Figure 2.4 shows
the pairs of surge and rainfall corresponding to return periods of 50, 100 and 200-yr. The
design events (yellow squares in Figure 2.4) are given by the point of maximum relative
probability density (most likely method) on the isoline associated with a fixed return pe-
riod. The processes of simulating samples from the fitted copulas, estimating the relative
likelihood along the isolines, and extracting the most likely event, were then repeated to
determine the three design events associated with the 50, 100 and 200-yr return periods.
The most extreme observed compound event with rainfall of 123.8 mm and a surge peak
of 1.4 m (close to 200-yr return period) in Figure 2.4(b) was during typhoon Meari (June
2011). This typhoon caused floods in 17 counties of three provinces on the east coast of
China.
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Figure 2.4: Isolines of extreme paired data based on the Frank and Gumbel copulas. (a) Catchment A2; (b)

Catchment C4. The yellow squares show the design values under different joint return periods between the
extreme surge and rainfall using the most-likely method.
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Figure 2.5: Simulated surges and rainfall under the joint copula model. (a) Catchment A2; (b) Catchment C4.
The vertical solid line represents the value of the surge at 50 year return period, while the dashed lines represent
the range percentiles beside the solid line.

In coastal areas, coastal flooding is driven by sea water level, which depends on both
storm surge and astronomical tide. However, sea level might also affect pluvial flooding,
since high sea level might prevent inland water discharge by gravity. Hence, we used the
dependence model obtained above to assess changes in rainfall probability distribution
when information about storm surge is known in relation to the probability distribution
of annual maximum rainfall.

From the dependence model (Frank copula for catchment A2 and Gumbel copula
for catchment C4) we randomly sampled 10,000 dependent surge and rainfall pairs (red
dots in Figure 2.5). Then, we selected pairs for which the surge level is close to the 50 year
return period event in the univariate case, that is, 0.86 m (0.835-0.885 m) for catchment
A2 and 1.45 m (1.425-1.475 m) for catchment C4 (Figure 2.5), to obtain the distribution
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of rainfall conditioned on the 50 year return period surge event.

Figure 2.6(a) shows that for catchment A2 (eastern Hainan Island, South China),
where the majority of surge peaks occurred during typhoon season, we observe a shift in
the rainfall median when rainfall is conditioned on storm surge. Specifically, the median
of the rainfall condition on the 50-yr return period storm event (258.76 mm/day) is about
40.8% higher than the median of annual maxima rainfall (183.69 mm/day). This result
implies that extreme rainfall events during typhoon season are generally more intense
compared to most annual maxima events, requiring extra attention when developing a
flood protection intervention. For catchment C4 (the Bohai Sea, North China), where the
majority of surge peaks occurred outside the typhoon season, we observe the opposite
behavior: the median rainfall event conditioned on the 50-yr return period surge event
(49.43 mm/day) is smaller than the median of the annual maxima rainfall event (88.15
mm/day).
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Figure 2.6: Comparison of annual maximum rainfall and conditional rainfall at A2 (a) and C4 (b) locations with
all the pairs; dashed vertical lines are the median value of rainfall.

2.5. DISCUSSION

Highly urbanized centers such as Chinese coastal cities are prone to flooding from the
combined occurrence of surge peaks and high rainfall events. Hence, we investigated
the degree of dependence between surge peaks and corresponding rainfall events and
its implication in terms of infrastructure design accounting for the seasonality of the
surge peak occurrence.

Even though the GTSR dataset used in this study might underestimate surges during
typhoon events (Muis et al., 2017; Muis et al., 2016), other studies proved that the use of
the GTSR dataset in East Asia is possible and the results are plausible (Mori et al., 2019).
Moreover, we showed that a probabilistic framework for modelling the dependence be-
tween environmental variables, such as the copula-based framework proposed here, can
provide valuable inputs to propose risk reduction strategies against floods. Specifically,
we found that around eastern Hainan Island, where the potential for compound flood-
ing is the highest during typhoon season, surge events are associated with more severe
rainfall events. For example, the intensity of rainfall events is about 40.8% higher than
the median of annual maxima rainfall (Sun et al., 2021). We also found that in the Bo-
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hai Sea area where the majority of extreme events occur during the extra-tropical storm
season, the intensity of rainfall events associated with extreme surge conditions has a
median value smaller than the median of annual maxima events (88 mm/day). This
implies that the severity of the expected rainfall event in case of a storm surge peak is
smaller compared to the expected severity inferred from the probability distribution of
annual maxima precipitation.

From a design perspective, such a result calls for a more in-depth and case-specific
understanding of the interaction between surge and rainfall and an evaluation of which
strategy (dependent model versus independent model) for assessing design values is the
most appropriate to avoid under-preparedness. For example, the sensitivity of the river
to backwater effects can lead to pluvial flooding even for moderate rainfall events hence
additional flood protection measures along riverbanks or within the city should be con-
sidered. Moreover, the implementation of rainwater storage and hydrograph peak re-
duction facilities (that is, detention basins) can strengthen the coastal flood protection
system’s capabilities and enhance the safety of the city (Ke et al., 2018; Najafi et al., 2021),
especially when it is expected that surges are associated with higher than expected rain-
fall, such as along the southern coast of China. It is important, however, to consider
that effective water discharges are influenced by several hydrological factors, including
topography, land use, soil type, and vegetation cover and neglecting such factors might
lead to a misrepresentation of flood risk. More in-depth and case-specific investigations
can, for example, be performed via hydrodynamic models that explicitly simulate the
interaction between rainfall events and surge conditions.

2.6. CONCLUSIONS

In this study, we proposed a copula-based framework to quantify flood hazards in coastal
regions that are exposed to the combination of storm surge and pluvial flooding. This
can provide insights into adaptation strategies that account for coastal and pluvial flood-
ing protection infrastructure. We observed that in southern China the highest number
of extreme surge events occur during typhoon seasons, while in the northern part of the
country, the majority of the surge peaks occur during the non-typhoon season. This is
expected because typhoons largely affect the southern region.

Our main results are that: (1) There is a positive and significant correlation between
surge peaks and rainfall in 10 of the 26 catchments investigated; (2) The probability of
rainfall conditional on a specific surge event can provide valuable information for the
design of flood protection systems in estuary regions; (3) In southern China (Hainan
Island), extreme rainfall events during the typhoon season are generally more intense
compared to most annual maxima events. The framework developed in this study can
be applied to other coastal cities or regions in East and Southeast Asia and around the
world.

One of the main limitations of this study is the relatively small number of tide gauge
sites and the 36 years of data available, especially during typhoons. There is an urgent
need for longer datasets to be used in order to better assess compound flood risk, es-
pecially for southeastern China coasts, which are prone to typhoons. Therefore, moni-
toring and prediction of rainfall, storm surge, and sea level rise should be an important
component of the development of future adaptation and flood management.
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COMPOUND FLOOD IMPACT OF
WATER LEVEL AND RAINFALL
DURING TYPHOON PERIOD IN
COASTAL MEGACITY

This chapter explores the physical factors driving compound floods in Shanghai under
a changing climate when data are limited. In this study, we utilized the D-Flow Flexi-
ble Mesh model to generate synthetic data on seawater levels in Shanghai from 1961 to
2018. The simulation incorporated storm surge, astronomical tide, and relative sea level
rise (RSLR). Subsequently, a copula-based methodology was applied to quantify the joint
probability between peak water level and rainfall during historical typhoons.

The results show that in Shanghai the probability of extreme flooding events increases due
to a 0.55 mrise in Relative Sea Level Rise (RSLR) from 1961 to 2018. Analysis using copula
functions reveals a notable shift in the joint distribution of peak water level and rain-
fall during Tropical Cyclones (TCs) due to RSLR. Seven potential compound flood events
have been identified, wherein astronomic tide typically serves as the primary driver, with
storm surge acting as a supplementary factor in one instance. The combined influences
of astronomic tide, storm surge, and RSLR collectively contribute to peak water levels, un-
derscoring the necessity of considering all these factors during the typhoon season.

This chapter has been published as: Hanging Xu, Zhan Tian, Laixiang Sun, Elisa Ragno, Jeremy D. Bricker,
Ganquan Mao, Qinghua Ye, Jinkai Tan, Jun Wang, Qian Ke, Shuai Wang, Ralf Toumi. Compound flood impact
of water level and rainfall during tropical cyclone period in a coastal city: The case of Shanghai. Natural
Hazards and Earth System Sciences. 2022: 22 (7), 2347-2358.
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3. COMPOUND FLOOD IMPACT OF WATER LEVEL AND RAINFALL DURING TYPHOON PERIOD
32 IN COASTAL MEGACITY

3.1. INTRODUCTION

Compound flooding is generated when two or more flood drivers, e.g., water level, rain-
fall, and high river discharges, occur simultaneously or in close succession. Such flood
drivers can amplify each other and lead to greater impacts than when they occur in iso-
lation (Chao et al., 2021; Leonard et al., 2014; Visser-Quinn et al., 2019; Zscheischler
et al., 2018). Coastal cities like Shanghai are particularly prone to compound flood-
ing associated with tropical cyclones (TCs), which often bring heavy rainfall and storm
surges. For a more accurate assessment of compound floods in the coastal regions, a
thorough understanding of the interdependence between multiple flood drivers is nec-
essary. In other words, an enriched knowledge about the dynamic interaction between
flood drivers would significantly improve the quantification of compound flooding risks
in estuarine environments (Feng and Beighley, 2020). As such, the joint probability the-
ory has been incorporated into the analysis of compound flood risk to take advantage
of Sklar’s Theorem (M. Sklar, 1959). According to Sklar's Theorem, any multivariate joint
cumulative distribution function can be expressed in terms of univariate marginal dis-
tribution functions and a copula that describes the structure of dependency between the
variables (Bevacqua et al., 2019).

Coastal regions are usually the most densely populated and economically developed
areas of a country, and they are also the most vulnerable regions to the risk of compound
flooding from heavy rainfall and extreme storm surge due to this large population and
property density (Neumann et al., 2015). Shanghai is the largest and most developed
coastal megacity in China. Rainstorms and storm surges caused by typhoons from June
to October often cause substantial losses (W. Li et al., 2018). For example, extreme storm
flooding caused nearly 30 thousand casualties in 1905 (M. Li et al., 2018). In 1962, storm
flooding inundated half of the downtown region for nearly 10 days due to 46 failures
along the floodwalls of the Huangpu River and its branches and led to huge losses of 1/6
of the local Gross Domestic Product (GDP) in Shanghai (Ke, 2014). In 1997, Typhoon
Winnie killed seven people and flooded more than 5,000 households due to the extreme
storm surge and rainfall (Ke et al., 2021). Although the construction of flood control
measures in the past 50 years (especially after typhoon Winnie in 1997) has effectively
reduced the risk of storm surge and rainstorm floods, Typhoon Matsa in 2005 (US $2.23
billion damage), Typhoon Fitow in 2013 (US $10.4 billion damage), and Typhoon Lekima
in 2019 (US $2.55 billion damage) also brought significant damage to Shanghai (Du et al.,
2020). Given the substantial damage caused by compound flooding, comparing the en-
counters of rainfall and storm surges during typhoon season is urgent in order to un-
derstand the driving mechanisms and frequency of compound flooding in Shanghai.
However, owing to the unavailability of water level records, there is little research that
has been able to estimate the dependency between peak water level and accumulated
rainfall during historical TCs.

The copula method is widely used in statistics to model the interdependence be-
tween two or more variables (Anandalekshmi et al., 2019; Balistrocchi et al., 2019). Re-
cent research using the copula model emphasizes the importance of studying the com-
bined effects of rainfall and water level processes in estuaries and coastal regions (Wahl
et al,, 2015; Zellou and Rahali, 2019). For example, Xu et al. (2018) showed the exis-
tence of some positive dependences between rainfall and water level in the coastal city
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of Hainan Island, while the water level poses an additional risk of flooding. The study
Xu et al. (2018) confirmed that the copula method is a promising tool for studying mul-
tivariate problems in hydrology and coastal engineering. However, when applying the
copula-based methods to 3 dimensions, controversies arise and uncertainty can become
explosive (Bevacqua et al.,, 2017; Santos et al., 2021). The univariate flood driver cannot
provide an accurate evaluation if the underlying drivers are modelled as independent
extreme events (Khanal et al., 2019).

Flood induced by TCs is the most frequent natural disaster in the eastern coastal re-
gion of China (Zhang et al., 2020). The East Asian typhoon season is characterized by
heavy inland rainfall and high storm tides, which are the major driving factors of coastal
flood hazards in China. The slowdown in forward speed of landfalling TCs in the North-
west Pacific over 1949-2015 had increased the risk of flooding from water level and rain-
fall even without considering the changes in storm strength (Kossin, 2018). The simul-
taneous and/or consecutive occurrence, both in time and space, of heavy rainfall and
high tide can lead to compound flooding (Bilskie et al., 2021; Liu et al., 2022; Wahl et al.,
2015). Furthermore, the risk posed by the interactions between hydro-meteorological
events under the condition of sea level rise and changing tidal regimes is bound to in-
crease in the future (Idier et al., 2020). Despite the increasing threat of compound flood-
ing events along the Chinese coast, owing to the unavailability of water level records
during typhoon events, the associated joint probabilities and driving mechanisms have
not been explored (Fang et al., 2021). This research intends to fill this important niche.

The TCs often produce strong onshore winds and low barometric pressure, which
would cause extreme storm surges at the same time, and generate heavy rainfall in the
coastal region (Hoque et al., 2018; Sohn et al., 2021). The peak water level during TCs not
only results from the combination of storm surge and astronomical tide. Additionally,
the combination of absolute sea level rise (SLR) due to global warming and land subsi-
dence due to urbanization has caused relative sea level rise (RSLR) (Jebbad et al., 2022).
According to the Regulations of Shanghai Municipality on the Administration of Land
Subsidence Prevention and Control, the land subsidence rate was 6.19 mm/yr from 1965
to 2001. Since 2001, the land subsidence rate has been controlled to varying degrees by
adaptation measures such as recharging water to aquifers.

This study establishes the joint distribution of peak water level and rainfall during
typhoon events in the Shanghai estuary region, with the aim of better understanding
the risk of compound flooding and improving the assessment of flood-defence design
standards for adaptation strategies. Our modelling framework couples a state-of-the-art
hydrodynamic model and a statistic model. This model coupling enables us to quantify
the joint distribution of rainfall and storm surge events during typhoon season and also
to consider the comparative cases with and without RSLR for Shanghai. The procedure
of the modelling framework is as follows. First, the peak water levels, consisting of astro-
nomical tides, storm surges associated with TCs, and RSLR, in Shanghai over 1961-2018
are generated using the D-Flow Flexible Mesh (D-Flow FM) model, then a compound
hazard scenario for deriving design values is chosen. Second, we compare and investi-
gate the peak water level with and without RSLR, and select the extreme compound flood
events according to the design standard of the joint hazard scenario. Finally, we analyze
the contribution of storm surge, astronomical tide, and RSLR to peak water level based
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on the top seven extreme compound flood events over the study period. We provide a
framework that could be applied to other coastal cities that face the similar constraint
of unavailable water level records. The findings from our research could be useful for
decision-makers in developing coastal flood defence measures in Shanghai and other
East Asian coastal cities. This is the major contribution of this research.

3.2. MATERIALS AND METHODS

3.2.1. STUDY AREA

Shanghai is surrounded by water on three sides, and the Huangpu River and Suzhou
River pass through the city (Figure 3.1). The total area of Shanghai is 6,340.5 km? with
a population of 24.87 million in 2020. The annual rainfall is around 1,200 mm. June to
September are the rainy months. From late August to early September, Shanghai is fre-
quently affected by typhoons and rainstorms (Yin et al., 2021). Storm flooding caused
by typhoons is the main natural disaster in Shanghai. Shanghai’s flood risk is about US
$63 million/year under an optimistic scenario of a maximum protection level of 1/1000
per year (Hallegatte et al., 2013). Although the construction of flood control measures in
the past 50 years has effectively reduced the risk of storm floods, TC Matsa in 2005, the
2013 TC Fitow, and the 2019 TC Lekima caused substantial losses in Shanghai. Partic-
ularly, typhoon Winnie in 1997 led to direct economic damage of over US $100 million.
During the typhoon Winnie period, the peak water level at Huangpu Park (city center)
rose to 5.72 m, equivalent to the water level with a 500-year return period. During ty-
phoon Fitow in 2013, the water level at Mishidu in the inland area of the Huangpu River
was recorded at WD (Wusong Datum is adopted as the reference) as 4.61 m, which broke
the record (Ke et al., 2018). In the context of climate change, relative sea level rise, and
urban expansion, Shanghai will face higher compound flood risks and challenges from
TCs, storm surges, and extreme rainstorms in the future.

3.2.2. DATA
This study systematically collected the geographic and meteorological data of the study
area, including TC tracks (1961-2018), and daily accumulated rainfall (1961-2018). Due
to the unavailability of measured water level data from historical TCs, in this study, we
evaluate the dependence coefficient (Spearman’s p and Kendall 7) between rainfall and
water level based on observed rainfall and simulated peak water level during TCs. Ob-
servations come from a set of rain gauge measurements. The International Best Track
Archive for Climate Stewardship (IBTrACS) from NOAA’s National Climatic Data Center
contains the 6-hourly TC center’s longitude and latitude, minimum central pressure (P,),
and sustained maximum surface wind velocity (V;,ax). Multiple agencies provide TC'’s
best tracks in the West Pacific, and we opt to use the best track from Hong Kong Obser-
vatory (www.hko.gov.hk). This choice was made because it includes the most complete
set of observations from TCs making landfall in China (Chen et al., 2011). Based on the
modelled TC data, we use the D-Flow FM model (Knapp et al., 2010) to simulate water
levels during TC periods.

We analyzed the historical TCs influencing Shanghai between 1961 and 2018. We first
defined a 6-degree-latitude square box around Shanghai (Figure 3.2). The area covered
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Figure 3.1: Location map of Shanghai.

by the blue box can be regarded as an alert area in terms of a TC causing potential dam-
age in Shanghai. The size of the blue box was designed to be just large enough to include
the partial tracks of the top 10 most severe TCs for Shanghai since 1949 (personal com-
munication with Shanghai Climate Centre). We then selected historical TCs lasting for at
least 24 hours in the blue box. After this best-track pre-processing, 210 TCs for the period
of 1961-2018 are selected in this study (Figure 3.2). Additionally, we obtained tidal level
data (1997) at the Wusongkou tide gauge from the Shanghai Municipal Water Authority,
which is used for hydrodynamic model validation.

Daily rainfall records from 1961 to 2018 are collected from the China Meteorologi-
cal Administration (CMA, http://data.cma.cn) for the Baoshan gauge station, being the
closest to the Wusongkou surge station (Figure 3.1). The annual precipitation in Shang-
hai is 1,200 mm with the rainiest months being from June through September. Rainfall
data are used in this study to approximate the TC-induced runoff. To implicitly account
for the rainfall travel time to the catchment outlet, 1-, 2-, and 3-day accumulated rain-
fall was also estimated and the correlation between such accumulated rainfall and peak
water level was then estimated.

According to the Chinese Sea Level Bulletin of 2020, which was compiled by the State
Oceanic Administration of China, the absolute sea level rose at a rate of 3.4 mm/yr. Ac-
cording to the Regulations of Shanghai Municipality on the Administration of Land Sub-




3. COMPOUND FLOOD IMPACT OF WATER LEVEL AND RAINFALL DURING TYPHOON PERIOD
36 IN COASTAL MEGACITY

40°N

30°N

20°N

10°N

0°
100°KE 110°E 120°K 130°K 140°E 150° K 160°E

Figure 3.2: Location map for the area of interest. (Grey-coloured lines indicate major historical typhoon tracks
within the region. The blue box indicates the selection criteria).

sidence Prevention and Control, the land subsidence rate was 27.93 mm/yr from 1921 to
1964. From 1965 to 2001, the land subsidence rate was 6.19 mm/yr. After 2001, the land
subsidence rate has been under varying extents of control by adaptation measures such
as recharging water to aquifers, and in most regions being 5-15 mm/yr. We use 10 mm/yr
as the land subsidence rate from 2001 to 2018. The downside of such an assumption is
that it fails to consider possible accelerating factors such as population growth, vertical
and horizontal urban expansion, and deep strata motions, but these complex factors are
beyond the scope of this research.

3.2.3. THE FRAMEWORK

The objectives of this study are to overcome the limitation of unavailable water level
records during TCs and set up a framework to improve the methods for selecting the
most suitable TCs for the research and for investigating TCs’ influence on water levels.
Due to the limited water level data availability, we employ an empirical track model for
pressure and wind fields, followed by a physics-based ocean model to simulate storm
tides and astronomical tides during TCs in Shanghai. A numerical simulation is carried
out to better understand the distribution and timing of the peak water level and the ar-
eas of the country affected. The physics-based ocean model was calibrated using the
recorded atmospheric pressure and focused on the ones with the most severe damages,
comparing well with the results of the field survey data (Ke et al., 2021). Following this,
the copula function was used to connect peak water level with accumulated rainfall and
construct a joint distribution. After that, we compare and investigate the difference be-
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tween peak water level and accumulated rainfall under the effect of RSLR, and select the
extreme compound flood events according to the design value of the joint hazard sce-
nario. Finally, we analyze the contribution of storm surge, astronomical tide, and RSLR
to peak water level for the extreme compound flood events (Figure 3.3).

Ibtracs dataset (wind and pressure) The Delft3D FM model for Shanghai
v l v
Holland model Peak water level Astronomical tide
v v v
T Storm surge =
Reconstructing historical TCs Peak water level — Astronomical tide
Dependency analysis and select the highest correlation peak water level (RSLR) and rainfall pairs
Estimating marginal distributions of the Estimating marginal distributions
peak water level of rainfall

\ |
v

Estimating parameters of Copula functions by AIC BIC and Log-likelihood method

!

Calculating correlation and goodness-of-fit indices for selecting best copula function

,

Determining the most appropriate copula functions

J
v v

Contribution of storm surge, astronomical

Calculating the copula joint distributions tide and RSLR to peak water level

Figure 3.3: Flowchart of this study.

3.2.4. D-FLow FM MODEL
Delft3D WES (Wind Enhance Scheme), a built-in module in Delft3D, is used to generate
wind and air pressure fields of each TC according to the Holland formula (Holland et al.,
2010). It can generate tropical cyclone wind and pressure fields around storm center
positions on a high-resolution grid. Delft3D WES slightly improves on this by including
asymmetry. This asymmetry is included by the use of the translational speed of the cy-
clone center’s displacement by the steering flow, and the rotation of the wind velocity
due to friction (Takagi and Wu, 2016). The output of Delft3D WES is suitable as input for
the D-Flow FM model to simulate water level including the effect of storm surge.

The D-Flow FM module as part of the Delft3D Flexible Mesh suite solves the non-
linear shallow water equations for unsteady flow and transport phenomena derived from
the three-dimensional Navier Stokes equations for incompressible free surface flow. The
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hydrodynamic model D-Flow FM is employed in this study to solve multi-disciplinary
problems in coastal, river, and estuarine environments (Deltares, 2018). The domain
of the model covers the East China Sea, Hangzhou Bay, the Yangtze Estuary, and the
downstream reach of the Yangtze River, ranging from 24 to 34° N and 118 to 128°E, and
consists of 69,000 mesh cells. The model has been validated with observed storm tide
and astronomical tide at 10 stations around Shanghai during TC Winnie in 1997 (Ke et
al., 2021). The storm tide and astronomical tide of 210 TCs are calculated in this D-Flow
FM model. Then, the peak storm tide is selected from each TC. In addition, the storm
surge is calculated by using storm tide minus astronomical tide at the same time as peak
storm tide. In this study, we assume the Yangtze River discharge equals its annual mean
at 31000 m®/s.

3.2.5. DEPENDENCE MODELLING AND DESIGN VALUE VIA COPULAS

We define the joint distribution of accumulated rainfall and peak water level, F(R, WL)
as F(R,WL) = C(Fg, FwL) where Fr and Fyy L are marginal distributions of accumulated
rainfall and peak water level, and C is the associated dependence function, i.e., copula,
modelling the dependence between accumulated rainfall and peak water level indepen-
dently from their marginal distributions (Salvadori and De Michele, 2004; A. Sklar, 1973).
Hence, we select marginal distributions among the most commonly used distribution
functions for extremes, namely: Generalized Extreme Value (GEV), Pearson type III (P-
I1I), Gumbel, Exponential, and Weibull.

The copula function raised by A. Sklar (1973) can model the dependence structure
and joint probability distributions. The Gaussian, Clayton, Frank and Gumbel copula
functions are selected to establish joint distribution between peak water level and ac-
cumulated rainfall. To evaluate the fitting error and select the appropriate copula func-
tion by the non-parametric estimation method, the Akaike information criterion (AIC),
Bayesian information criterion (BIC), and root mean square error (RMSE) are employed.

AIC = -21(6My) + 2K (3.1)

BIC = —-21(0My) +Kln(n) (3.2)

K is the number of estimated parameters in the model including the intercept and
1(67]y) is the log-likelihood at its maximum point of the estimated model; 7 is the sample
size. The rule of selection was that the smaller the value of AIC was, the better the model
was, and similarly with the BIC.

n
RMSE =+ Y (Xe () - Xo (D)2 (3.3)

i=1
where n is the number of observations; X¢ is the theoretical probability from the
copula and X is the empirical observed probability. It is also worth noting that the de-
pendence between accumulated rainfall and the peak water level is given by their linear

correlation, i.e., Spearman’s p, or concordant/discordant pairs, i.e. Kendall 7.

Following Salvadori and De Michele (2004), copulas allow a straightforward defini-
tion of two hazard scenarios, i.e., pairs with an occurrence probability greater than a
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safety threshold, namely “AND” and “OR” scenarios. The “AND” scenario assumes that a
hazardous condition is realized when both the dependent variables, in this case, rainfall
and water level, exceed their predefined thresholds, while the “OR” scenario assumes
that a hazardous condition can occur when either one of the two dependent variables
exceeds their predefined thresholds. The “AND” scenario is commonly used for com-
pound flooding mostly because the flooding can be generated by excessive runoff, high
sea level, or a combination of both (Moftakhari et al., 2017; Moftakhari et al., 2019; Zel-
lou and Rahali, 2019). The joint exceedance probability based on the “AND” scenario is
given by Eq. (3.4).

P(U>ud)n(V>vd)=1+ug+vg—C(ug, vy (3.4)

where U = Fr and V = Fyy, are the marginal distributions and u; and v, are the
safety threshold of accumulated rainfall and peak water level, respectively. The depen-
dent design values (R; = (Fr—1)(ugq),W Ly = (Fwr—1)(v4)) can be inferred from Eq. (3.4)
based on the level of safety desired.

The joint probability cannot be directly used as the reference value of the actual
engineering fortification standard. We calculate the joint design value combinations
with the joint return period, which can serve as a reference for the engineering design.
For given peak water level and accumulated rainfall events, under the conditions of
a given joint return period, we design a series of (14, v;) combinations to maximize
P((U > ug) N (V > vy)), thereby obtaining the optimal combination design value. In the
practical calculation, the intersection of the diagonal of critical probabilistic surface and
probability isoline is regarded as the design values of (14, v4).

3.3. RESULTS

3.3.1. EFFECT OF RELATIVE SEA LEVEL RISE TO PEAK WATER LEVEL

The correlation between peak water level and accumulated rainfall is positive. The peak
water level and 2-day accumulated rainfall have the highest correlation compared with
1-day and 3-day accumulated rainfall. The correlation between peak water level and ac-
cumulated rainfall is significant (P47, < 0.05) in all cases. Consequently, the remaining
analysis will be performed considering 2-days accumulated rainfall, hereafter R, .

A probability density function is a useful tool for comparing peak water levels be-
tween the cases with and without RSLR. Results in Figure 3.4 show a clear shift in the
distribution of peak water level during the TC periods. It demonstrates that RSLR in-
creases both the mean and variance of peak water levels, thus resulting in a higher risk
of flooding in Shanghai.
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Table 3.1: Performance measures of the estimated copula functions (data of functions selected for this study
are indicated in bold).

Copula type Max. likelihood AIC BIC RMSE
Without RSLR
Gaussian 1024.1 -2046.1 -2042.8 0.1105
Clayton 1034.7 -2067.5 -2064.1 0.1050
Frank 1009.4 -2016.8 -2013.4 0.1185
Gumbel 972.0 -1941.1 -1938.7 0.1415
Presence of RSLR
Gaussian 1038.8 -2075.5 -2072.2 0.1030
Clayton 1029.4 -2056.7 -2053.4 0.1077
Frank 1016.4 -2030.9 -2027.5 0.1146
Gumbel 992.7 -1983.5 -1980.2 0.1282
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Figure 3.4: The shift of the probabilistic distribution of peak water level, "with RSLR" versus "without RSLR",
in Shanghai during 1961-2018.

The marginal distributions are used to transform peak water level and R, into uni-
form marginals, uw and ug,4, respectively. Then, the preferred copula is selected among
the Clayton, Frank, Gumbel, and Gaussian copula. In the case without considering RSLR,
the preferred copula is Clayton because it has the smallest AIC, BIC, and RMSE (the up-
per panel in Table 3.1). In the case with the presence of RSLR, the lower panel in Ta-
ble 3.1 shows that the Gaussian copula has the smallest AIC, BIC, and RMSE. Therefore,
the Gaussian copula is selected as the best fit for the peak water level and accumulated
rainfall under the effect of RSLR.
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Figure 3.5: With RSLR (red) and without RSLR (blue) for 2 different copulas. Both peak water level (x-axis)
and accumulated rainfall (y-axis) are presented in probability space. The red isolines are the fitted Gaussian
copula, and the blue lines use a Clayton copula. Lines present the copula isolines and dots show observed
data. The vertical axis on the right-hand side shows the joint probability value of isolines.

Figure 3.5 shows the difference between peak water level and accumulated rainfall
with RSLR and without RSLR. This indicates that different copula families can return
different dependence structures. In Figure 3.5, both peak water level and accumulated
rainfall are presented in probability space. Gaussian and Clayton copula families are
used to explain the bivariate dependence between peak water level and accumulated
rainfall in this study. The red and blue isolines are fitted Gaussian copulas and Clayton
copulas, respectively. Neither is among the commonly used copulas in the hydrological
literature. This highlights the importance of the choice of the copula and quantifies the
difference in results based on copula choice.

3.3.2. CONTRIBUTION OF STORM SURGE, ASTRONOMICAL TIDE AND RSLR
TO PEAK WATER LEVEL

Figure 3.6 presents the scatter plot of peak water level and accumulated rainfall with

and without RSLR. It shows that the influence of RSLR pushes up the design value of

peak water level from 3.25 m to 3.36 m under the 10-yr joint return period, with the

corresponding design value of rainfall at 90.39 mm. The univariate analysis approach
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is to assume independence between rainfall and sea level, then the independence as-
sumption would generally lead to lower design values compared to scenarios from the
copula-based method. It usually depends on how one selects the pairs and the statistical
model used (independent/dependent). This is a direct consequence of the difference in
the sampling of extreme observations between both approaches.
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Figure 3.6: Scatter plot of water level and rainfall analyzed. Red lines show the design value of 10-yr joint return
period with the effect of RSLR. Green lines show the design value of 10-yr joint return period without the effect
of RSLR.

Based on the results in Figure 3.6, we defined the compound flood events as the peak
water level and accumulated rainfall both being greater than their design values of 10-yr
joint return period (i.e., peak water level > 3.36 m and accumulated rainfall > 90.39 mm).
Based on this criterion, we identified seven compound flood events under the influence
of RSLR (Figure 3.7).

Peak water level results from the combination of storm surge, astronomical tide, and
RSLR. Figure 3.7 shows the contribution of storm surge, astronomical tide, and RSLR
to peak water level from the seven extreme compound flood events in Shanghai. We
consider the cases including the effect of RSLR and split the peak water level according
to the contributions of its components, i.e., storm surge, astronomical tide, and RSLR, to
investigate their shares of contribution.
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Figure 3.7: The contribution of storm surge, astronomical tide and RSLR to peak water level. (Cases are samples
greater than the 10-yr joint return period.)

Overall, storm surge explains 32% of the peak water level, while astronomical tide
accounts for 55% and RSLR accounts for 13% of the peak water level. The astronomical
tide is in general the leading contributor to the peak water level, but storm surge can
be the leading contributor in some cases, e.g., TC 4, in which the contribution of storm
surge accounted for 45% of the peak water level. Under the scenario of future global
warming and further urbanization, the impact of RSLR would increase and should not
be treated as less important.

3.4. DISCUSSION

Coastal areas are the most densely populated and economically developed areas of many
countries, and they are also the most vulnerable regions to the risk of compound floods
from heavy precipitation and storm surges because of the high population and prop-
erty density as well as storm surge risk (Shen et al., 2019). In this study, we provide a
framework that could be applied in general to coastal cities that face the constraint of
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unavailable water level records.

3.4.1. THE DEPENDENCY BETWEEN THE WATER LEVEL AND RAINFALL

The dependence among different drivers of compound floods has been widely studied.
For example, Zheng et al. (2013) identified a significant dependence between precipita-
tion and storm surge along the coastlines of Australia; Wahl et al. (2015) examined the
enhanced dependence between precipitation and storm surge and reported an increas-
ing trend in compound flood risk in the past decades along the coast of the US. These
findings are critical to better understanding the changing compound flood risk and pro-
vide important references for the evaluation of simulation-based studies.

The correlations between rainfall and storm surge are determined by various factors
such as meteorological conditions and regional topography. For example, compound
floods from heavy precipitation and storm surges can occur during TCs (Bevacqua et al.,
2019). TCs are one of the most important triggers of compound floods from heavy rain-
fall and storm surges in coastal regions. Even though compound floods are receiving
attention, few studies have analyzed the dependency between water level and rainfall
during historical TCs in China. This study enriches this stream of literature by quanti-
fying the joint distribution of peak water level and rainfall during TCs in the Shanghai
estuary region. On the other hand, it is worth noting that the record lengths of obser-
vational data in our study are relatively short and the uncertainties of simulation-based
studies could be large. Therefore, further studies are needed once more observational
data become available.

3.4.2. THE EFFECT OF RSLR ON PEAK WATER LEVEL

Deltas are especially vulnerable to RSLR because of their low elevation and commonly
high rates of land subsidence (Higgins et al., 2014; Wang et al., 2012). Long-term tide
gauge records show that global mean sea levels have risen by 1.7+0.3 mm/yr over the
last century (Cipollini et al., 2017; Holgate, 2007). Nearly 90% of the world’s river deltas
suffer the impact of RSLR, including Shanghai and Manila (He and Silliman, 2019). The
accelerated rise of global sea levels puts low-lying coastal regions at risk of increases in
the frequency and magnitude of flooding (Cazenave and Le Cozannet, 2014). For exam-
ple, the sea level rose on average by ~10 cm over the 20,/ century along the Italian coast,
and flood frequency increased by more than seven times in the area (Kulp and Strauss,
2019). Increased flooding because of RSLR, in regions that experience storm surges from
TCs, further increases the vulnerability of coastal regions to inundation (Edmonds et al.,
2020).

Previous studies of Shanghai reported an increased risk of coastal floods due to global
and local changes (Wang et al., 2012; Yan et al., 2016). Including the increased RSLR we
estimated over the past 58 years (0.55 m), a 4.3 m projected RSLR due to additional land
subsidence along the Yangtze River delta by 2100 would result in half of Shanghai be-
ing flooded by extreme storm-water levels (Wang et al., 2012). There are serval poten-
tial carbon emission scenarios used to project sea-level rise. Regardless of the methods
and emission scenarios used to estimate future sea levels, the consensus is that sea lev-
els are rising and its rate is expected to accelerate (Wahl et al., 2017). We investigated
the effect of RSLR for a lower return period and under stationary climate conditions.
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This approach needs adaptation if using climate projections for future climate change.
By contrast, this thesis presents a probabilistic analysis of the impact of RSLR on peak
water levels, accounting for the effects of sea level rise and land subsidence on coastal
flooding, in Shanghai from 1961-2018. The findings from our research would provide
a more solid foundation for scenario-based analysis in the future and be useful for the
decision-making about the adaption via coastal flood defence measures for Shanghai.

3.4.3. MULTIPLE CONTRIBUTORS TO PEAK WATER LEVEL

Coastal flooding from peak water levels is one of the most devastating natural hazards to
Shanghai. A storm with strong winds and low atmospheric pressure can produce a large
storm surge and large waves. A storm surge is an increase in water level above normal
sea level and is a function of storm intensity, duration, size, and location (Cooper et al.,
2008). Tides are an astronomical phenomenon caused by the gravitational attraction
of the moon and the sun on earth’s oceans, while storm surge is a meteorological phe-
nomenon (Karim and Mimura, 2008). If storm surge coincides with the astronomical
high tide, these water levels superpose, and an extreme water level may be generated.
Southeast Asia is highly vulnerable to, and frequently impacted by, extreme sea-level
events of different origins: TCs cause severe storm surges and rainfall with potentially
devastating impacts to the economy and environment and in many cases loss of human
life.

Astronomical tides are deterministic and can be predicted far in advance, whereas
storm surges can only be accurately hindcast from tide gauge records. Prediction of
storm surge is possible days in advance of TC landfall, simulated by taking into account
predicted forcing variables, such as wind stress and sea level pressure over the sea sur-
face. Tide gauge records have been used to study sea level extremes. However, 90% of
the tide gauges located in Southeast Asia have record lengths of less than 30 years. One
way to overcome the absence of long tide gauge records is to employ numerical mod-
els to simulate the storm surge component using best-track TC data or meteorological
reanalysis results, as we have done in this research (Park and Suh, 2012).

In this study, we demonstrate that the astronomical tide plays an important role in
the total water level in Shanghai. Indeed, surges might occur at any tidal level and are
especially strong in shallow estuaries. A high tide at Wusongkou gauge would extend to
downtown Shanghai causing a fluvial flood. The flood extent, depth, and duration can be
exacerbated by storm surge, and consequently, the disruptive impact increases strongly
(Ke et al., 2018). Astronomical tides contribute to peak water levels during TCs (Sweet et
al,, 2009). Bacopoulos (2017) showed that in the St Johns River in Florida, the astronomi-
cal tide could contribute as much as 94% to the extreme water level. Our study highlights
that the critical components to consider in the analysis of peak water levels during TCs
are the astronomic tides, storm surge and RSLR. In future research, we will explore the
applicability of the presented methodology to other regions where limited observational
data availability has hampered a better understanding of peak water levels, storm surges
and potential changes related to climate variability and change.
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3.5. CONCLUSIONS

Itis important to consider the compounding effects of multiple interdependent extremes
or drivers to accurately characterize the underlying hazard. In this study, we focused
on the joint impact of peak water level and accumulated rainfall in Shanghai, a coastal
mega-city located in the Yangtze River Delta region. We showed that Shanghai is prone
to compound flooding and this justifies the adoption of a probabilistic modelling frame-
work to incorporate the interdependence of multiple flood drivers.

Between 1961 and 2018, the RSLR increased by 0.55 m in Shanghai. With the ongo-
ing global warming and further urbanization vertically and horizontally in the city, the
process of RSLR would continue and amplify the peak water levels in extreme flooding
events. The sample data we consolidated show an increase in the probability of peak
water level under the effect of RSLR. We also identify the extent of the shift in the joint
distribution of peak water level and accumulated rainfall during TC periods between the
theoretical setting without RSLR and the real setting with RSLR by employing the best-
fitted copula functions. The shift indicates that the RSLR leads to an increase in both the
mean and variance of peak water levels, thus a significantly higher level of flooding risk
in Shanghai.

The design value of peak water level and accumulated rainfall are 3.36 m and 90.39
mm during TCs under the 10-yr joint return period and with the influence of RSLR. We
selected the potential compound flood events according to this pair of design values and
identified seven potential compound flood events. The analysis of these seven events
shows that astronomic tide is in general the most important driver of the peak water
level, however, there is one case in which storm surge is the leading driver of the peak
water level. If the astronomic tide is relative to the mean high water instead of the mean
sea level, the length of the tide part bars may be smaller. However, we argue that the
peak water level is the most dangerous hazard to coastal cities. The combination of as-
tronomical tide, storm surge and RSLR drives the peak water level. We cannot neglect
the contribution of the tide during the typhoon season.

The framework developed in this study could be applied to other coastal cities or
regions in East and Southeast Asia. The impact of the RSLR in amplifying the peak water
level would significantly increase in the future. Therefore, the monitoring and prediction
of the RSLR should be an important component in the development of future design
standards for flood preparedness. Furthermore, RSLR caused by climate change and
intensive use of urban land would also increase social vulnerability, which can be an
interesting topic for future research.
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ASSESSING COMPOUND FLOODING
USING HYDRODYNAMIC
MODELLING

To advance the modelling and quantification of compound flood characteristics, e.g., ex-
tent and depth, in coastal cities, in this chapter we introduce a hydrodynamic model. It
combines a storm surge model and overland flooding model using Delft3D Flexible Mesh
(D-Flow FM), to characterize the physical interaction between storm surges and rainfall
during the typhoon period.

The results demonstrate that the coupled methodology, which integrates storm surge and
overland flooding models, enabled the quantitative assessment of compound flood haz-
ards with high model performance. It was observed that storm tide serves as the predom-
inant driver of compound flood inundation, whereby tide levels directly influence the ex-
tent of inundation. A comparative analysis of compound flooding with rainstorm inun-
dation and storm flooding showed that compound flooding exhibits greater destructive
potential than single-driven flood hazards, surpassing the cumulative effects of rainstorm
and storm tide flooding. This study focuses on Haikou City but its methodology offers a
valuable framework for assessing compound flooding hazards in other coastal cities, par-
ticularly in the challenges of climate change-induced TCs and rising sea levels.

This chapter has been published as: Qing Liuf, Hanging Xuf, Jun Wang. Assessing tropical cyclone compound
flood risk using hydrodynamic modelling: a case study in Haikou City, China. Natural Hazards and Earth
System Sciences, 2022: 22(2), 665-675.

51


https://nhess.copernicus.org/articles/22/665/2022
https://nhess.copernicus.org/articles/22/665/2022

52 4. ASSESSING COMPOUND FLOODING USING HYDRODYNAMIC MODELLING

4.1. INTRODUCTION

Flood hazards, especially those happening during tropical cyclones (TCs), have become
the most devastating and expensive natural hazards in coastal cities (Gutierrez et al.,
2011; Hallegatte et al., 2013 Patricola and Wehner, 2018; van Oldenborgh et al., 2017).
Storm tides brought on by TCs can lead to coastal flooding, and rainstorms occurring
during TCs can lead to urban inundation. The simultaneous or consecutive occurrence
of storm tides and rainstorms in time and space can lead to compound flooding (Gori
et al., 2020; Leonard et al., 2014; Wahl et al., 2015).

In the past decade, many compound flood hazards occurred in coastal regions world-
wide due to TCs, such as Typhoon Irma (2017) in Jacksonville and Typhoon Lekima on
the southeast coast of China. An extremely destructive flood event in Houston—-Galveston
during Hurricane Harvey (2017) was confirmed to be a compound flood hazard (Huang
etal., 2021). It was caused by land-derived runoff (mainly considered to be rainfall) and
ocean-derived forcing (mainly considered to be storm tide) (Valle-Levinson et al., 2020).
The coastal region suffered a major economic loss of more than USD 125 billion from
Harvey. Thus, it is important to investigate the compound flood risk during TCs to com-
prehend flood hazards in coastal cities better.

The projection of future climate change indicates that TCs occur more frequently
with greater intensity. Accordingly, the likelihood of the co-occurrence of storm tide and
rainstorm would increase drastically (Emanuel, 2017; Keellings and Herndndez Ayala,
2019; Lin et al., 2012; Marsooli et al., 2019), which may cause more extreme compound
flood hazards (Bevacqua et al., 2019; Rasmussen et al., 2018). Due to global warming,
sea level rise, land subsidence, and urban expansion, coastal cities are confronted with
the critical threat of TC compound flooding (Wang et al., 2018; Yin et al., 2021). Recent
studies evaluated compound flood risk at the regional scale (Bevacqua et al., 2019; Fang
etal., 2021; Wahl et al., 2015). Wahl et al. (2015) assessed the risk of compound flood-
ing from rainfall and storm surge in major US cities. Bevacqua et al. (2019) estimated
the probability of compound flooding from precipitation and storm surges in Europe.
Both studies showed that there would be an increase in compound flood risk in coastal
cities in the future. A study conducted by Fang et al. (2021) investigated the compound
flood potential from precipitation and storm surge in coastal China, indicating that low-
latitude (<30 °N) coastal areas in southeast China are more prone to compound flood
hazards from storm tide and rainfall during TCs.

Only several urban-scale studies on compound flooding have been carried out in
China (Wang et al., 2018; H. Xu et al., 2018). J. J. Lian et al. (2013) investigated the joint
impact of rainfall and tidal level on flood risk in Fuzhou City. K. Xu et al. (2014) analyzed
the joint probability of rainfall and storm tide under changing environments, conclud-
ing that the probability of compound flooding would increase by more than 300 % in
Fuzhou. J. Lian et al. (2017) identified the major hazard-causing factors of compound
flooding and classified the floodplains into tidal, hydrological, and transition zones in
Haikou City. Although studies such as these have investigated the joint risk of hazard-
causing factors in compound floods, they seldom pay attention to the compound flood-
ing that occurs during TCs.

Most studies concerned with compound flooding rely on historical data, which con-
tains information on hourly storm tide and daily rainfall (Zellou and Rahali, 2019). The
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recorded data are often used to investigate the statistical correlation between flood drivers.
For example, based on the recorded storm tide from 49 tide gauges and daily precipita-
tion from 4890 rainfall stations in Australia, Zheng et al. (2013) quantified the depen-
dence between rainfall and storm surge to investigate flood risk in coastal zones. How-
ever, for many coastal regions in the world, it is difficult to obtain sufficient recorded
data that can be used to analyze the mechanism of TC compound flooding from storm
tides and rainfall. An alternative approach is applying a hydrodynamic model to sim-
ulate storm tides (Gori et al., 2020). For example, Yin et al. (2021) constructed a storm
surge model to simulate the storm tide derived from 5000 synthetic TCs to estimate TC-
induced coastal flood inundation.

Hydrodynamic models can also be employed to simulate flood events (Kumbier et
al.,, 2018; Zellou and Rahali, 2019). It is an effective method to model the flood extent
and inundation depth, and this method has generally been applied in research on single-
driven flood hazards (Yin et al., 2013). Recently, many studies have used hydrodynamic
models to simulate compound flood events driven by historical TC events or synthetic
TC scenarios (Bilskie et al., 2021; Santiago-Collazo et al., 2019). Gori et al. (2020) de-
veloped an integrated framework comprising three models for simulating storm surges
and compound flood events. This approach offers the advantage of monitoring the spa-
tiotemporal dynamics of rainfall and storm surges during TCs. However, assessing the
compound flood risk by constructing a coupled model is not commonly used in cur-
rent studies on compound flood hazards, mainly because the simulation of compound
flooding involves multiple driving condition settings and requires combining multiple
physics-based models.

D-Flow FM, developed by Deltares, the Netherlands, has been widely applied to build
storm-surge numerical models for research on storm surge because of its capability of
simulating 2D and 3D shallow water flow (Deltares, 2018). It integrates D-Flow FM and
uses flexible unstructured grids, convenient for partial grid refinement. A recent study
on compound flooding utilized this model to simulate storm surges for characterizing
extreme sea levels, investigating the probability of compound floods from precipitation
and storm surge in Europe (Bevacqua et al., 2019). Meijer and Hutten (2018) developed
a 2D urban model with D-Flow FM for the downtown area of Shanghai. The results in-
dicated that D-Flow FM was capable of modeling rainfall-runoff and could be used to
construct urban flood models. Therefore, it is feasible to simulate storm surge and rain-
fall-runoff based on D-Flow FM to assess compound flooding.

This study investigates the compound effect of flooding from storm tides and rain-
storms during TCs in Haikou. We set up a storm surge model and overland flooding
model based on the D-Flow FM model to simulate the floodplain under TC events. We
select 66 TC events that influenced Haikou to explore the probability distribution of
storm tide, further selecting 5 TC events that correspond to the 5-, 10-, 25-, 50-, and 100-
yr return periods, respectively. The risks of rainstorm inundation, storm tide flooding,
and compound flooding are quantitatively assessed and compared based on the simu-
lation results under different return periods. The conclusions drawn from this study can
provide insight into mitigating compound flood risk in coastal areas.

To the best of our knowledge, this is the first study that applies a coupled model by
D-Flow FM to assess TC compound flood risk in Haikou. The objectives of this study in-
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clude (1) investigating the probability of storm tide by modelling TCs influenced Haikou;
(2) quantifying the compound effects of rainfall and storm surge under TC events of dif-
ferent return periods; (3) assessing and comparing the flood severity of rainstorm inun-
dation, storm tide flooding, and compound flooding.

This study is organized as follows: Section 4.2 presents the background information
about the study area and data requirements. Section 4.3 describes the model configura-
tion and explains how TCs that influenced Haikou were selected. The method of how to
assess the compound flood risk is also in this section. Model verification and the anal-
ysis of the probability distribution of storm tides are reported and discussed in Section
4.4. The assessment and comparison of rainstorm inundation, storm tide flooding, and
compound flooding are also discussed in this section. Finally, conclusions are given in
Section 4.5.

4.2, MATERIALS

4.2.1. STUDY AREA

Haikou is located in the north of Hainan Island, China, where the geographical posi-
tion is relatively independent (Figure 4.1). The coastal area of Haikou is low and flat. In
particular, the elevation of the downstream plain and areas along Nandu River (Figure
4.1) is less than 3.0 m. Haikou is frequently affected by TCs and rainstorms from June to
October. The annual rainfall is around 1660 mm. Storm tide flooding caused by TCs is
one of the main natural hazards in Haikou, roughly three storm surges have occurred in
Haikou every year in recent decades. The combination of storm tides and rainstorms will
increase the probability of extreme compound flooding, posing a threat to social infras-
tructure and urban traffic in Haikou. For example, during Typhoon Kalmaegi (2014), a
total 0of 219.8 mm (24 h) of precipitation was produced and the highest tide level reached
4.3 m in Haikou. The occurrence of heavy rainfall and strong storm tides caused serious
compound flooding with an economic loss of USD 220 million. Under the changing en-
vironment, Haikou will face greater compound flooding risks and challenges from TCs,
storm surges, and rainstorms in the future.
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Figure 4.1: The geographic location of tide stations and Nandu River in Haikou and the basic geographic infor-
mation of Haikou.
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Table 4.1: Data profile of this study.

Name Attributes Source

DEM, Haikou 2018,5m Department of Emergency Management
of Hainan Province

DEM, 2019,500 m https://www.gebco.net/

bathymetry

TC tracks 1949-2019,3 hourly = Shanghai Typhoon Institute of China Me-
teorological Administration

Rainfall 1960 — 2017, daily http://data.cma.cn/

Discharge 1960 — 2020, daily Hainan Hydrology Resources Bureau

4.2.2. DATA

The geographic and meteorological data of the study area were systematically collected
in this study (Table 4.1). The topographic map of the study area was provided by the
Hainan Emergency Management Department, and the bathymetry data of the South
China Sea and Beibu Bay were obtained from the General Bathymetric Chart of the Oceans
(GEBCO). The spatial resolution of the topographic map is 5 m, and the bathymetry data
are 500 m. The meteorological data include historical TC track data and daily rainfall
data from 1960 to 2017. The historical TC track data, which includes the TCs’ location
(latitude and longitude), 2 min mean maximum sustained wind (MSW, m s'h), and min-
imum pressure (hPa) near the TC center, were provided by the Shanghai Typhoon In-
stitute of China Meteorological Administration. The daily rainfall data of Haikou were
downloaded from the CMA (http://data.cma.cn/) and can be transferred to hourly rain-
fall by interpolation for inundation simulation. The annual river discharges at Longtang
hydrological station from 1960 to 2020 were provided by the Hainan Hydrology and Wa-
ter Resources Survey Bureau.

4.3. METHODS

4.3.1. MODEL CONFIGURATION AND VALIDATION METHODS

Delft3D Flexible Mesh (DFlow FM), developed by Deltares in 2011, is a practical unstruc-
tured shallow water flow calculation model (De Goede, 2020). It can be used for ocean
hydrodynamic and surface runoff numerical simulations (Kumbier et al., 2018; Meijer
and Hutten, 2018). In this study, the DFlow FM model was established to calculate the
hydraulic boundary conditions needed to estimate the overland flow boundary and sim-
ulate the overland inundation during the TC period (Gori et al., 2020).

STORM SURGE MODEL

The calculation domain of the storm surge model covers Hainan Province, the South
East Sea, and Beibu Bay and roughly ranges from 15-24.5° N and 105.5-118.5°E (Figure
4.1). The minimum mesh grid size is 100 m, and the maximum mesh grid size is 12000
m. The astronomical tide is simulated by importing the phase and amplitude of tidal
constituents (Q1, P1, O1, K1, N2, M2, S2 and K2) extracted from the global tidal model
(TPXO 8). These constituents represent the primary components of the tidal spectrum
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and influence the tidal dynamics in coastal regions. A built-in module in the Delft3D
WES (Wind Enhance Scheme) module is employed to calculate the TC wind field ac-
cording to Holland’s formula (Holland, 1980). We use the statistical measures RMSE
(root mean square error) and R? to evaluate the model performance of the simulated
tide (Kumbier et al., 2018). The storm surge model is validated against measured astro-
nomical tides and storm tides (astronomical tide plus storm surge). Storm tide series
(TC1415, “Kalmaegi”) at Xiuying gauge station were collected from Haikou Municipal
Water Authority to validate this model. For the validation of astronomical tide, we also
collected astronomical tide for TC1415 from Xiuying and Naozhoudao tide gauge sta-
tions. All tide levels were recorded every hour (from 00:00 on 15 September 2014 to 00:00
on 17 September 2014).

OVERLAND FLOODING MODEL

The overland flooding model combines regular and irregular triangular mesh. This model
is a surface runoff numerical model, and the mesh grid resolution is set as 50 m. The
high-resolution topography of the study area is imported into the model, and it can
roughly reflect the effect of the seawall. The average annual discharge (165.81 m3s™)
at Longtang hydrological station is calculated as the upstream boundary condition. In
this model, the storm tide series extracted from the storm surge model serves as the
coastal boundary conditions. This model is validated against the measured inundation
area and depth. We collect the inundation data of TC1415 and conduct fieldwork in
Haikou to validate this model. The overland inundation model can be approximately
validated by comparing the inundation map of TC1415 with the measured inundation
area and depth.

4.3.2. TCS INFLUENCING HAIKOU

The TCs that pass through the region (18-22 °N, 109-113 °E) and stay for over 24 hours
have an apparent effect on Haikou. According to this, we analyze historical TC tracks
and give priority to the TCs passing between latitudes 18 and 22 ° N and longitudes 109
and 113 °E. TC tracks lasting less than 24 hours in this region are removed in this study.
Therefore, 66 TCs from 1960 to 2017 are selected in this study (Figure 4.2), and we con-
struct typhoon wind fields and simulate the storm tide of these TCs. Each TC event has
a code; for example, the ninth typhoon in 1963 is coded as TC6309.

4.3.3. COMPOUND FLOODING ASSESSMENT

In this study, we investigate the probability distribution of storm tides to assess com-
pound flood hazards. Based on the storm surge model, the storm tide series of 66 TCs
is simulated. The highest storm tides during TCs are used to calculate the probability
distribution function at the Xiuying tide gauge station.

Exploring the storm tide distribution can offer comprehension of the probability of
compound flood hazards from storm surges. Extreme value distribution (EVD) is widely
applied to investigate storm tide probability distribution (Yum et al., 2021). We assume
that the storm tide fits either Gumbel or Weibull extreme value functions, then calculate
their function fitting parameters. We compare the goodness of fit of two distribution
functions (Gumbel, Weibull) with the Kolmogorov—-Smirnov (K-S) test. The k-S test is
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Figure 4.2: Location map for the study area. The purple dot indicates the location of Haikou. Grey-colored
lines indicate major historical TC tracks within the region. Blue box indicates the selection region (18-22 °N,
109-113 °E).

an appropriate method to explore the distribution of continuous random variables and
can be used to select the best-fitting distribution function. According to the storm tide
distribution, we can determine tide levels at different probabilities (P). To investigate
the possibility of an extreme storm tide, we replace P with storm tide return periods (7),
which is equal to 1/ P. The corresponding TC events in 5-, 10-, 25-, 50-, and 100-yr return
periods can be found to compare the compound flood hazards with different storm tides.

4.4, RESULTS AND DISCUSSION

4.4.1. MODEL VALIDATION
We use TC1415 to verify the astronomical tide and storm tide of the storm surge model.
In the validation of the astronomical tide, we use the predicted astronomical tide at two
gauge stations: Naozhoudao (Zhanjiang, Guangdong) and Xiuying (Haikou, Hainan).
The calculation results show that the RMSE is 0.18 and 0.14 m for Naozhoudao and Xi-
uying gauge stations; the R? values of both the Naozhoudao and Xiuying gauge stations
are 0.91.

Figure 4.3(a) and Figure 4.3(b) depict simulated and predicted water levels at Xiuying
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and Naozhoudao gauge stations. The curves of the simulated astronomical tide at the
two stations fit the observed tide level points well. Thus, this model has a good ability
to simulate astronomical tides. In the validation of storm tide, we add the wind field of
TC1415 in the model and only use the observed tide level at the Xiuying gauge station
for validation (Figure 4.3(c)). The calculation of RMSE is 0.34 and R? is 0.83. It can be
seen from Figure 4.3(c) that the curve of the simulated storm tide is consistent with the
observation, and the highest storm tide is well simulated.

Water level (m)

*  Measured tide level * (c)
Simulated tide level

0 5 10 15 20 25 30 35 40 45 50 55
Time (h)

Figure 4.3: The simulation results of astronomical tide and storm tide compared to measured tide levels. (a)
Astronomical tide at Xiuying gauge station. (b) Astronomical tide at Naozhoudao gauge station. (c) Storm tide

at Xiuying gauge station. Black lines indicate the simulated tide level; red asterisk points indicate measured
tide level.

Tide levels along the coastline extracted from the storm surge model serve as coastal
boundary conditions for the overland flooding model. We utilize the TC1415 event also
to validate the overland flooding model. Comparing the simulation of compound flood-
ing with the measured inundation of roads during TC1415, the main inundation area
in the simulation is coincident with the flooded roads (Figure 4.4). Furthermore, the
distribution of the simulated inundation area is also consistent with the actual flood dis-
tribution. Hence this overland flooding model has a good capacity for modeling and
demonstrating TC flood hazards.
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Figure 4.4: Spatial extent of simulated and measured inundation area and depth during TC1415.

4.4.2. STORM TIDE PROBABILITY DISTRIBUTION

The Xiuying gauge station is selected as a representative location to examine the proba-
bility exceedance of TC storm tide. The storm tide return period is calculated based on
the maximum storm tide in the past 58 years simulated for 66 TCs. The results of the
K-S test show that the D value and P value of GUM are 0.0615 and 0.9995, while the D
value and P value of WEI are 0.0769 and 0.9876. Thus, the Gumbel extreme value (GEV)
distribution function can fit TC storm tide better. Figure 4.5 shows that GEV fits storm
tide well, presenting the corresponding TCs under different return periods. Red circles
represent the maximum storm tide from the 66 TCs in the past. The solid line represents
the estimation of the GEV fitting.

Table 4.2 shows the corresponding TC events and their highest storm tide and accu-
mulated rainfall under different return periods. TC1415, with the highest storm tide, is
considered a 100-year event. In order to investigate the compound effects of storm tide
and rainstorm on the overland inundation, TCs with higher accumulated rainfall is se-
lected. As a result, TC6311, TC8616, TC8007, and TC7109 are assigned to 50, 25, 10, and
5 years based on GEV fitting, respectively.
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Figure 4.5: Storm tide at Xiuying gauge station as a function of return period based on GEV fitting (solid line).

Table 4.2: The different return periods of TC storm tide and the related TC events.

Return period  Event  Waterlevel (m) Rainfall (mm)

5Y TC7109 3.04 137.7
10Y TC8007 3.31 196.0
25Y TC8616 3.71 128.0
50Y TC6311 3.84 191.0
100Y TC1415 4.28 219.8

4.4.3. COMPOUND FLOODING ASSESSMENT IN DIFFERENT STORM TIDE RE-
TURN PERIODS

Figure 4.6 presents the compound flood inundation maps under 5-, 10-, 25-, 50-, and
100-year return period. For the 5-year inundation map, the major inundation area is
distributed along the Jiangdong New Area and Xinbu Island on the northeast coast. The
inundation area with sporadic distribution is caused by rainfall in the inland urban area.
As return periods increase, Haidian Island, north Longhua district, and northwest Xiuy-
ing district begin to have serious flood extents, and the compound flooding severity of
Jiangdong New Area and Xinbu Island increases. For 100-yr return period, the inunda-
tion depth regions are above 1.0 m, and the floodplain depth is above 3.0 m in most of
Jiangdong New Area. Regions with inundation depth below 0.05 m are not evaluated in
this study due to their low risk.
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Table 4.3: Inundation depth (m) and area (ha) under different return periods.

Flooding depth (m) 5-year 10-year 25-year 50-year 100-year

0-0.5 2139 3757 2364 3957 3704
0.5-1.0 1349 1623 2037 1965 2065
1.0-2.0 1884 1980 3035 3513 3927
2.0-3.0 818 879 1389 1511 2055

>3.0 29 112 384 516 862

Total 6219 8351 9209 11,462 12,613

Inundation depth (m) N
. . [ —
0 05 1.0 20 3.0 0 5 10 km

Figure 4.6: The compound flood inundation maps under different return periods: (a) 5-year event, (b) 10-year
event, (c) 25-year event, (d) 50-year event, and (e) 100-year event.

Table 4.3 indicates the inundation depth and area under different return periods. In
the 100-yr TC event, the total inundation area is 12,613 ha, with 29.4% and 31.1% ac-
counted for by the inundation areas between 0-0.5 m and 1.0-2.0 m, respectively. The
combined inundation area between 0.5-1.0 m and 2.0-3.0 m makes up 32.7%. For other
TC events, the most extensive inundation areas occur at depths of 0-0.5 m and 1.0-2.0 m.
In the case of a 100-yr TC event, areas with depths exceeding 1.0 m expand by approxi-
mately 2.5 times compared to a 5-yr TC event.
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4.4.4. QUANTITATIVE COMPARISON SINGLE-DRIVEN FLOOD HAZARD AND

COMPOUND FLOOD HAZARD
Figure 4.7 illustrates the maps of rainstorm inundation and storm tide flooding under
different return periods. In each rainfall scenario, the overall inundation depth is be-
low 1.0m, while in each storm tide scenario, the overall inundation depth is above 1.0m.
When comparing the rainstorm inundation map and storm tide flooding map in the
same TC event, it is obvious that storm tide flooding is significantly worse than rain-
storm inundation.

Rainstorm Storm flooding

5-Year

10-Year

25-Year

50-Year

100-Year

Inundation depth (m) N
[ | [ —]
0 0.5 1.0 20 3.0 0 5 10 km

Figure 4.7: The inundation maps of rainstorm and storm flooding under different return periods.

Figure 4.8 compares the overall inundation area of rainstorms, storm tides, and com-
pound flooding under different return periods. The inundation area of compound flood-
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ing exceeds the inundation area of rainstorm inundation and storm tide flooding in each
TC event. Thus, compound flood hazards can have more serious consequences than
rainstorms and storm flooding (Bevacqua et al., 2019; Zscheischler et al., 2018). More-
over, it can be seen from Figure 4.8 that compound flooding has more inundation area
than the accumulation of rainstorm and storm tide flooding under different return peri-
ods. For example, in the TC6311 scenario, the total inundation area of compound flood-
ing is 11462 ha, exceeding the sum of rainstorm inundation and storm tide flooding,
which is 10616 ha. Therefore, compound flood hazards are more destructive than the
combination of single-driven flood hazards and have a certain amplification effect.
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Figure 4.8: The comparison of the overall inundation area of rainstorm, storm flooding and compound flood-
ing in each TC event.

However, storm tides and rainstorms are the driving factors in a compound flood
hazard (Hsiao et al., 2021). This study investigates the compound effect of flood hazards
by studying the probability distribution of the highest storm tides during TCs. Many
studies have confirmed that rainfall and storm surge have statistically positive depen-
dence (Wahl et al., 2015). Hence, it is of practical significance to reveal compound flood
risk considering the statistical dependence of rainfall and storm surge. Copula is a kind
of function connecting joint distributions and marginal distributions. Zhang et al. (2021)
calculated the overtopping occurrence by determining the correlations between tidal
levels and wave heights based on the copula function. In recent years, the copula func-
tion has been confirmed to model and describe the dependence between flood vari-
ables and express compound flood risk (Zellou and Rahali, 2019). H. Xu et al. (2019)
employed the copula function to investigate the bivariate return period of compound-
ing rainfall and storm tide events, finding that the joint probability analysis can reveal
more adequate and comprehensive risk about compound events than univariate analy-
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sis. Therefore, in future works, we will adopt the copula function to investigate the joint
occurrence of rainfall and storm surge during TCs, further assessing extreme compound
flooding severity.

4.5. CONCLUSIONS

This study applies a coupled methodology of combining the storm surge model and the
overland flooding model to investigate the compound effect of flood hazards during TCs.
We simulate and assess compound floods under different return periods of storm tides.
The results show that storm tide is the key driving factor of compound flood inundation
in Haikou, and the tide level decides the inundation extent. When quantitatively com-
paring compound flooding with rainstorm inundation and storm flooding, we find that
it is more destructive than single-driven flood hazards, and the compound effect exceeds
the accumulated effects of single-driven floods. The co-occurrence of heavy rainfall and
strong storm surges in extreme TCs could intensify compound flood inundation. Simply
accumulating every single-driven flood hazard to define compound flooding may cause
underestimation.

In this study, we selected the typical TC scenarios based on storm tide probability
distribution. The high storm tide has been confirmed to be the main driving factor of
flooding. Considering that rainfall is also the driving factor of TC compound flooding,
we will focus on the joint probability distribution of rainfall and storm tide in future re-
search. Although this study is limited to Haikou City, we confirmed that other coastal
cities can adopt the methodology of coupling two hydrodynamic models to quantita-
tively assess compound flooding risks. It can conveniently capture the dynamic of rain-
fall and storm surge and directly observe the change of inundation area to display the
effect of rainfall and storm surge in compound events. For future research on extreme
TC compound flooding, climate change factors should be taken into consideration, such
as sea level rise and land subsidence, and the copula function can be applied to study the
statistical dependence between heavy rainfall and strong storm surge under the chang-
ing environment to reveal extreme flood risk in coastal cities.
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COMBINING STATISTICAL AND
HYDRODYNAMIC MODELS TO
ASSESS COMPOUND FLOOD
HAZARDS

While the statistical dependence between flood drivers, i.e., rainfall and storm surges, has
been extensively studied, the sensitivity of the inundated areas to the relative timing of the
driver’s peaks is less understood and location-dependent. To fill this gap, in this chapter,
we propose a framework combining a statistical dependence model for compound event
definition and a hydrodynamic model to assess inundation maps of compound flooding
from storm surges and rainfall during typhoon season in Shanghai. First, we determine
the severity of the joint design event, i.e., peak surge and precipitation, based on the cop-
ula model. Second, we use the Same Frequency Amplification (SFA) method to transform
the design event values in hourly time series to represent boundary conditions to force hy-
drodynamic models. Third, we assess the sensitivity of inundation maps to the "time lag"
between storm surge peak and rainfall. Finally, we define flood zones based on the pri-
mary flood driver and we delineate flood zones under the worst compound flood scenario.

The research emphasizes the importance of the timing between storm surges and rainfall
in causing flooding. Specifically, the most severe flooding occurs when rainfall happens
before the peak of the storm surge. In Shanghai, flooding is primarily driven by storm
surges, especially in the city’s eastern part. These surges move upstream in the Huangpu
River, causing flooding in the city center and nearby districts.

The study highlights the need for an improved system to control flooding from the river,
particularly addressing the backwater effect during high surges in the upper and mid-
dle Huangpu River. This is crucial for enhancing flood resilience in both established and
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5.1. INTRODUCTION

Despite significant advancements in flood management systems (e.g., forecasting and
early warning systems), recent compound flood events such as Hurricane Harvey (2017)
and Super Typhoon Lekima (2019), have demonstrated the vulnerability of coastal cities
(Hendry et al., 2019; Valle-Levinson et al., 2020; Zscheischler et al., 2018). Compound
flood events are defined as events generated by the combined effect of multiple phys-
ical drivers, e.g., heavy rainfall and storm surge. Due to the interaction between flood
drivers, the magnitude of compound events can be greater than the magnitude of events
generated by a single driver, e.g., either heavy rainfall or storm surge. Hence, it is impor-
tant to understand how such interaction is realized in coastal areas prone to compound
floods.

According to the Intergovernmental Panel on Climate Change (IPCC), adapting coastal
cities to the adverse impacts of climate change is crucial for their long-term resilience
and sustainability (Adler et al., 2022). Consequently, a comprehensive assessment of
the processes leading to compound floods is crucial to develop targeted and innovative
adaptation strategies.

Chinese southeastern coastal cities are highly susceptible to flood hazards caused
by typhoons due to their unique geographical location and complex ecological environ-
ment (Xu et al., 2023). During the occurrence of typhoons, the simultaneous presence
of heavy rainfall and strong storm surge can result in severe and destructive flood events
(Ridder et al., 2020; Santiago-Collazo et al., 2019). In this context, the effective manage-
ment of flood risk relies on the integration of statistical and hydrodynamic modeling to
assess the extent and potential impact of a flooding event.

In recent years, a growing body of research has focused on the probabilistic charac-
terization of compound flooding (Gori et al., 2020; Moftakharietal., 2019; Xu et al., 2023).
Bevacquaetal. (2019) assessed the potential probability of compound flood hazards trig-
gered by heavy precipitation coinciding with high tidal levels across Europe. Gori et al.
(2020) simulated a large number of realistic TC events to examine TC flooding driven by
rainfall and storm surges.

At the same time, hydrodynamic models have been widely used to simulate flood ex-
tent due to single or multiple flood drivers (Shi et al., 2020; Wang et al., 2018; Yin et al.,
2016). Hydrodynamic models are effective in simulating the consequences of rainfall-
runoff and storm surge during typhoon events (Kumbier et al., 2018; Zellou and Rahali,
2019) and can improve our understanding of region-specific hydrodynamics and the
genesis mechanisms of compound flooding scenarios (Xu et al., 2022). Such numerical
models necessitate boundary conditions, which include hourly time series of sea water
level and rainfall data, to ensure precise and effective simulations of inundation extent
and depth. Paprotny et al. (2017) combine a Bayesian-network-based model and a one-
dimensional steady-state hydraulic model in place of conventional rainfall-run-off mod-
els to carry out flood mapping for Europe. Moftakhari et al. (2019) proposed a method
linking bivariate statistical models and hydrodynamic models to estimate compound
floods resulting from upstream discharge and downstream water levels in tidal estuar-
ies. Gori et al. (2020) conducted an investigation into compound flood hazards under
climate change by combining physical models and joint probability analysis, highlight-
ing its effectiveness in reducing computational expenses.
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Generally, copula models can provide information on the joint severity of multiple
flood drivers, like rainfall, river discharge and storm surge, which needs to be further
processed to become hydraulic boundary conditions. However, in the case of multiple
flood drivers (e.g., surge and rainfall), it is essential to consider not only the statistical
dependence of the drivers but also the physical interactions between them in terms of
flooding processes. This comprehensive approach is crucial for a more accurate assess-
ment of compound floods and the development of effective flood management strate-
gies. For example, when high sea levels from storm surges coincide with increased river
water flow due to heavy rainfall, it would lead to backwater effects for drainage and re-
sultin localized flooding. This implies the need to investigate methods to move from the
definition of the severity of the event to the physical interaction of the flood drivers at a
sub-daily time scale.

Moreover, when sub-daily observations are available to force a hydrodynamic model,
to obtain a better understanding of the generation process of a compound flood, it is
necessary to investigate the sensitivity of the flood extent to the relative timing between
the drivers, i.e., between storm surge peak and rainfall. This enables a clear identification
of inundation zones and their respective drivers, which are key information, especially
in urban planning to improve the resilience of the system. Currently, there is limited
research on how to clearly define flood zones in coastal cities based on their main flood
sources (Jane et al., 2020; Mufoz et al., 2021) since a systematic numerical analysis is
required to delineate flood zones, which are very sensitive to the relative occurrence of
the tidal fluctuation and the rainfall event.

The objective of this study is to combine dependence models for the probabilistic
characterization of compound events with hydrodynamic models to improve the iden-
tification of flood zones prone to compound floods. To assess flood hazards and the
associated main physical drivers we propose the following framework (Figure 5.1): (1)
determine events of surge and rainfall from their joint probability of occurrence; (2) se-
lect historical events to derive sub-daily signal of surge and rainfall; (3) merge (1) and (2)
via the SFA method to generate boundary conditions; (4) simulate flood zones for vari-
ous time lags between peak surge and rainfall to enable adaptation strategies specific to
the type of flood driver(s). A comprehensive urban hydrodynamic inundation model is
used to assess the sensitivity of the inundation maps to the relative timing between peak
surge and rainfall. This quantitative assessment methodology of compound flooding
can assist engineers and urban planners in designing resilient structures in flood-prone
areas.

5.2. MATERIALS

5.2.1. STUDY AREA

Shanghai, a coastal megacity located in the Yangtze River delta, spans a total area of
6,340.5 km? and had a population of 24.87 million in 2020 (Figure 5.2). The city experi-
ences an annual rainfall of approximately 1,200 mm, with the rainy months falling be-
tween June and September. During this period, Shanghai is prone to frequent typhoons
and rainstorms, which often result in storm flooding, leading to severe damage. In 1997,
Typhoon Winnie caused economic damage exceeding USD 100 million. Despite the
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Figure 5.1: Flowchart of this study.

presence of Shanghai’s extensive flood mitigation measures (e.g., 523 km seawall, com-
prehensive drainage systems and advanced water level monitoring systems), the city ex-
perienced significant impacts during Typhoon Winnie in 1997 (killed 342 people and
caused a direct economic loss of USD 4.3 billion). These instances highlight Shanghai’s
persistent vulnerability to extreme weather events.

In 1997, Typhoon Winnie caused economic damage exceeding US $100 million, with
water levels rising to 5.99 m, a level equivalent to an event expected on average once ev-
ery 1000 years (Xu et al., 2022). In 2013, Typhoon Fitow broke records at Mishidu gauge
along the Huangpu River with water levels reaching 4.61 m (Ke et al., 2018). Despite the
presence of Shanghai’s extensive flood mitigation measures (e.g., 523 km seawall, com-
prehensive drainage systems and advanced water level monitoring systems), the city
experienced significant impacts during Typhoon Winnie in 1997 and Typhoon Fitow in
2013. These instances highlight Shanghai’s persistent vulnerability to extreme weather
events.

5.2.2. DATASET

Two flood drivers are considered in this study: storm surge peaks and associated daily
rainfall. Daily rainfall is collected from the China Meteorological Administration (CMA,
http://data.cma.cn/) Meteorological Data Center, covering the period from 1961 to 2018.
More specifically, the reanalysis dataset of storm surge peaks from 1961 to 2018 located
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Figure 5.2: Location map of the study area and digital elevation map of Shanghai (red dot in the left graph is
the location of Shanghai in China. The red triangle in the right graph shows Wusongkou tide gauge. The DEM
data use the Wusong datum).

at the mouth of the Huangpu River (Figure 5.2) and associated rainfall used here is the
same as the one described and used in Xu et al. (2022) and the reader is referred to that
paper for further details on data processing. To obtain hourly boundary conditions, a
representative hourly storm surge pattern and hourly rainfall hyetograph are selected
from the Shanghai Municipal Water Authority and CMA.

In addition to flood drivers, we use land use data to analyze the potential impact of
compound floods. Our approach involves directly coupling the inundation maps with
land use data to identify the potential impacts, without employing a separate damage
function. In this study, impacts are thus quantified in terms of the affected area for dif-
ferent land use types in different flood zones. The land use type data of Shanghai in
2010 comes from the Shanghai Institute of Surveying and Mapping. This represents the
most detailed data available for Shanghai; however, it’s important to recognize that land
use patterns and urban development may have evolved since then. The land use type is
further divided into 4 categories, which are residential land (including urban residential
land and rural homestead), transportation and public service land (including commer-
cial service land, public management and railway, highway, port and other transporta-
tion facilities), industrial land, green and agricultural land (including farmland, garden
land, woodland and park green space).

5.3. METHODS

5.3.1. SAME FREQUENCY AMPLIFICATION FOR GENERATING BOUNDARY CON-
DITIONS

Drawing on the concept of an amplifier, we implement the Same Frequency Analysis

(SFA) method to establish boundary conditions for hydrodynamic modelling (Xiao et al.,

2009). The SFA method amplifies observed events (V,(¢)) to meet the design criteria

(Vi (1)) via a constant amplification factor (A), then V;(f) = A- Vj(¥). In this specific case
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study, hourly storm surge and hourly hyetograph over a window of 24 hours are ampli-
fied based on predetermined design events expressed in terms of storm surge peaks and
total daily rainfall.
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Figure 5.3: Principal of the Same Frequency Analysis (SFA) based on the principle of signal amplification.

These design values are derived from the probabilistic dependence model presented
inXu etal. (2022). Readers are referred to Xu et al., 2022 for details on the selection of the
severity and magnitude of the event of interest.

Since design values are single values, to obtain hourly storm surge and rainfall time
series the following steps are considered. First, a local typical storm surge pattern and
rainfall hyetograph over a window of 24 hours are selected from historical observations.
According to the peak surge and cumulative rainfall volume obtained from the joint
probability model, we then calculate the amplification ratio by dividing the peak of the
typical surge pattern and the cumulative value of rainfall by the corresponding design
event, Figure 5.4. The amplification factor is estimated by dividing the design value of
the peak surge or cumulative rainfall signal from the typical storm event. By applying
this amplification factor, we ensure the amplification ratio essentially adjusts the typi-
cal storm event to match the desired design criteria based on the design value from the
copula function.

5.3.2. HYDRODYNAMIC OVERLAND INUNDATION MODEL

D-Flow FM, developed by Deltares in the Netherlands, has been widely applied for water
flow simulations, including storm surge and overland inundation, because of its capabil-
ity of simulating 2D and 3D shallow water flow. It integrates structured and unstructured
grids, which is convenient for partial grid refinement and predicts the behaviour of wa-
ter flow for flood modelling in coastal regions (Deltares, 2018). Ke et al. (2021) developed
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Figure 5.4: Sketch graph to illustrate the combination of the copula and SFA method. Panel (a) represents the
dependence model of surge peaks and accumulated rainfall to derive their respective design values S; and Ry;.
Panel (b) illustrates the amplified signals where the highest peak corresponds to the design value S; and the
volume of rainfall corresponds to the design value R;.

a 2D urban model for Shanghai with D-Flow FM capable of reproducing coastal, fluvial,
pluvial and interacting flood dynamics. Hence, we use the D-Flow FM hydrodynamic
model, equipped with flexible meshing, efficient numerical schemes and comprehen-
sive physical equations, to simulate overland flood inundation maps. The model used
in this study incorporates rainfall and storm surge boundary conditions and takes into
account floodwalls along the Huangpu River in Shanghai, as developed and validated
by Ke et al. (2021). We use the digital elevation model data acquired from the Institute
of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences.
River, flood wall and discharge data obtained from the Shanghai Municipal Water Au-
thority, to develop the urban inundation model. The overland flooding model combines
regular rectangular and irregular triangular meshes. This model is a surface runoff nu-
merical model, and the mesh grid resolution is set as 150 m. The storm surge at the
Wusongkou gauge is used as the downstream boundary condition for the overland inun-
dation model. The hourly rainfall hyetograph data from the CMA is input to the overland
inundation model to determine the spatial and temporal distribution of rainfall across
Shanghai.

5.3.3. DEFINITION OF DIFFERENT FLOOD ZONES

To discern the principal flood contributor, namely storm surge and/or precipitation, for
a particular region, Bilskie and Hagen (2018) proposed a floodplain division into three
zones based on the dominant contributor: fluvial (surge), transition (surge and precipi-
tation) and pluvial (precipitation) zones. Here, we are interested in defining such zones
in the city of Shanghai since they represent key information to develop targeted adap-
tation strategies. Hence, we run the hydrodynamic model for three different cases (Ta-
ble 5.1). In Case 1, only the tidal level time series is taken as input, with no rainfall, to
identify fluvial zones. In Case 2, rainfall and a fixed tidal level of 0 meters are taken as the
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Table 5.1: Cases used in flood zone delineation.

Case Inundation Types Description of Modelling Approach

Case 1 Fluvial Zones Tidal level without rainfall

Case 2 Pluvial Zones Rainfall with a fixed tidal level of 0 meters

Case3 Transition Zones Tidal level and corresponding return period
rainfall

boundary conditions to identify pluvial zones. In Case 3, both storm surge and rainfall-
runoff processes are considered to identify transition zones. We expect that areas along
the river floodplain are more prone to flooding due to high surges and backwater effects.
On the other hand, we expect that inland areas are prone to pluvial flooding since rainfall
becomes the predominant contributor to flooding.

5.4. RESULTS

5.4.1. HOURLY BOUNDARY CONDITIONS MERGING COPULAS AND SFA

In this study, we use the hourly storm surge curve at the Wusongkou tidal gauge and
rainfall hyetograph in Shanghai recorded during Typhoon Winnie (9711), between 18th
August to 19th August, as the basic curves to construct boundary conditions. This spe-
cific event stands out as it represents a noteworthy combination of extreme storm surge
and heavy rainfall. Typhoon Winnie brought historical records of a storm tide of 5.99 m
at Wusongkou tide gauge and 134.3 mm rainfall in 24 hours. Since this event is repre-
sentative of a combination of extreme storm surge and heavy rainfall, it is suitable for
studying the impacts of compound floods.

The amplification factor for storm surge and rainfall is estimated so that the ampli-
fied storm and rainfall match the design values derived from the probabilistic-dependent
model presented by Xu et al. (2022) and shown in Figure 5.5. Since Shanghai is generally
more vulnerable to fluvial flooding, we select the joint design values such that the surge
design value corresponds to the event with a return period of 1000 years (the design stan-
dard of flood wall alone middle and lower reaches of Huangpu River) when yearly max-
imum water level from 1912 to 2013 are analyzed independently (Ke et al., 2018). The
associated rainfall design value is obtained from the dependence model, Figure 5.5(a).
By fixing the design value of the surge peak, the pairs of surge and rainfall with the high-
est density correspond to a joint event with a return period of 200 years considering the
“AND” scenario, i.e., the probability that both surge and rainfall are higher than their
respective thresholds is 0.005 (Figure 5.5(a)). The SFA is then applied to the surge and
rainfall during Typhoon Winnie and amplified based on the designed value identified
(Figure 5.5(b)).

5.4.2. SENSITIVITY OF INUNDATION MAPS TO THE TIME LAG BETWEEN HOURLY
PEAK STORM SURGE AND RAINFALL

To understand the combined effect of storm surge and rainfall, it is important to inves-

tigate the relative timing between the peaks of these two drivers. Hence, we investi-

gate how the relative timing of the peak surge and rainfall affect flood inundation depth
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Figure 5.5: (a) Bivariate statistical analysis of joint distribution with “AND” scenario between peak storm surge
and corresponding cumulative rainfall by MvCAT; (b) The boundary conditions for the hydrodynamic model
based on a scenario of no time lag between the peak storm tide and the corresponding cumulative rainfall
observed during typhoon Winnie.

by running the D-Flow FM hydrodynamic model multiple times, each time with a pre-
defined distance between the peaks spanning over a temporal window of +24 hours. For
each run, the average inundation depth overall flooded locations (here labeled as the
cumulative inundation depth) are recorded.

We observe that maximum cumulative inundation depth occurs when the rainfall
event occurs 2 hours prior to the surge peak and is considered. In this scenario, floods
mainly occur in the Upper Huangpu River, the maximum cumulative inundation depth
exceeds 1.0 m in the southwestern Qingpu district and the southern Songjiang district,
while some areas in the downtown area are covered by flood water with depths over 2
m (Figure 5.6(a-b)). The water level in rivers is high, potentially exceeding the capacity
of drainage systems and pumping infrastructure to mitigate the inundation. This results
in more extensive flooding in low-lying areas. In contrast, when rainfall takes place after
the surge peak (e.g. +12 hours later), the water levels in the river have time to recede. This
allows for improved drainage and pumping capacity in the city, reducing the cumulative
inundation depth to 0.21 m (Figure 5.6(c-d)).

Generally, we observed a cumulative inundation depth greater than 0.25 m when
the rainfall event precedes the peak of the surge, i.e., between -24 to 0 hours. Rainfall
events occurring after the storm surge peak (> 0 hours) do not increase the cumulative
inundation depth (Figure 5.6(e)). The cumulative inundation depth stabilizes at around
0.21 m when rainfall peaks about 12 hours after the surge peak. Therefore, the observed
difference in flooding between these scenarios can be attributed to the combination of
high water levels in rivers following the surge peak and the capacity of the drainage and
pumping systems. This highlights the critical importance of considering the relative tim-
ing of events when determining the flood extent and severity in fluvial urban regions.
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Figure 5.6: Cumulative inundation depth under the combined impact of storm surge and rainfall with -2 and
+12 hour lags. (a) The boundary conditions of -2h time lag between the peak storm surge and the correspond-
ing cumulative rainfall; (b) Flooding inundation under the -2h time lag scenario. (c) The boundary conditions
of the scenario with +12h time lag between the peak storm surge and the corresponding cumulative rainfall;
(d) Flooding inundation under the +12h time lag scenario. (e) Cumulative inundation depth with different
time lags. (the horizontal dashed line is the maximum cumulative inundation depth for uniform rainfall. The
red dot means the maximum cumulative inundation depth by -2 hours lag of compound event).
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5.4.3. FLOOD ZONES

The distribution of flood zones would vary significantly given different storm events due
to the different timing between rainfall and storm surge; here, we investigate the average
response of the basin for the worst cumulative inundation depth event (rainfall peaks 2
hours prior to the surge peak). Flood zones are delineated in the entire study area based
on the criteria established (Table 5.1).

In general, storm surges are the primary cause of inundation within and along the
Huangpu River (represented by red), while the areas situated far from the river, mostly
inland, experience inundation primarily due to rainfall (represented by blue). Distinct
transitional zones, marked in yellow in Figure 5.7, can be seen surrounding the Huangpu
River. We observe three main critical areas (Region A, B and C) due to the obvious cumu-
lative inundation depth. Region A (inundated by 39.68 km?), with its immediate fluvial
adjacency, is dominated by fluvial flooding. Similarly, Region C (inundated by 23.88 km?)
is also dominated by fluvial flooding even though located about 100 km from the coast.
This could be due to the river configuration and the backwater effect that prevents the
normal discharge of the river into the sea when a high surge occurs. In contrast, Region B
(inundated by 34.27 km?) is the most prone to the combined effect of rainfall and storm
surge with the largest transition zone recorded, 2.3 times greater than the transition zone
in Region A and 4.4 times greater than the transition zone in Region C. The combination
oflow elevation and low flood wall makes Region B susceptible to fluvial flooding, which
can result in overtopping and further exacerbate flooding.
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Figure 5.7: (a) Flood zones under 200-yr return period flooding events; (b) The inundation area of different
land use combination under 200-yr return period flooding events (C: fluvial zone; T: transition zone; H: pluvial
zone). The letters in front of the fluvial zones (A, B, and C) refer to the region investigated.

To gain additional insight into the population exposed in the regions identified as the
most affected by a flood event, we investigate urban land use maps. Figure 5.7(b) clearly
shows that Region A is mostly residential land, Region B is mostly industrial land and
Region C is mostly green and agricultural land. This implies that a different approach
is needed when developing strategies for flood control, especially in Region B where the
industrial sector is prone to compound flooding (a larger transition zone). These results
give insights on how to effectively realize the developmental goals for the year 2035 in
Shanghai’s new city expansion endeavours. These results suggest that the focal point
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should be on reducing the risk in the system for fluvial flooding. This would protect also
the upper and middle reaches of the Huangpu River, as well as the newly established
urbanized region, with particular attention to low-lying areas in the upper reach of the
Huangpu River.

5.5. DISCUSSION

The primary objective of this study was to develop a methodology to quantify flood inun-
dation depth accounting from the relative timing of surge and rainfall and their respec-
tive magnitudes, when the dependence between the two events cannot be neglected,
such as during typhoon season. In our simulations, the time lag between rainfall and
surge peak is equal to -2 hours, i.e., the peak rainfall occurring 2 hours before the surge
peak, causes the largest total inundation depth. However, this result depends on our ini-
tial choice of the hourly storm tide elevation and rainfall hyetograph amplified based on
design requirements. The availability of higher quality data at finer temporal resolution
could provide a different and more accurate insight into the sensitivity of the area to the
combined effect between rainfall and storm surge. At the same time, we showed that this
framework is a valuable option to generate boundary conditions when there is a lack of
data.

From a design perspective, this study emphasizes the need for a comprehensive and
case-specific understanding of the interaction between surge and rainfall and their rel-
ative timing to identify the most suitable adaptation strategy. For example, our results
showed that storm surge protection systems can prevent flooding in the upstream reaches
of the Huangpu River. Indeed, the river’s susceptibility to backwater effects can result in
river flooding even during moderate rainfall events. Alternatively, flood protection mea-
sures along riverbanks and within the city can also be considered but they should be de-
veloped considering storm surge and backwater effects as major drivers for high water
in the river. Along with interventions to reduce inundation due to storm surges, imple-
menting rainwater storage and hydrograph peak reduction facilities, such as detention
basins, can enhance the capabilities of the urban flood protection system and improve
the city’s safety, particularly in cases when high rainfall precedes high surge.

However, it is crucial not to overlook hydrological factors, including topography, land
use, soil type, and vegetation cover, as neglecting these elements may lead to an inaccu-
rate representation of flood risk. For example, comprehensive land use maps offer an ef-
fective tool for delineating flood prevention and mitigation strategies because they rule
out solutions not suitable for a specific category. In this study, we combined the land use
types with inundation maps, thereby establishing a more holistic understanding of the
areas at risk. Within the context of this investigation, we put forth a range of prospective
adaptation strategies that can be employed by various vulnerable areas to reduce the
impact of compound flooding. We underscore the paramount importance of adopting
a comprehensive flood risk management approach that encompasses the entire system,
while also emphasizing the necessity for integrated and coordinated measures to effec-
tively tackle the intricate and dynamic nature of compound flooding events. Among
these strategies is the proposal for constructing floodgates at the mouth of the Huangpu
River, a measure designed to substantially diminish the impact of storm floods on the
inner river basin and to prevent or reduce the necessity to raise floodwalls. Insights from
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the completed and ongoing designs for international storm surge barriers could serve as
valuable references for this investigation (Mooyaart and Jonkman, 2017).

Concurrently, it is imperative to reinforce the flood wall of vulnerable sections on
the upstream reach of the Huangpu River and newly urbanized regions to ensure the
preservation of their designated flood control capacity until the floodgates at the river
mouth are completed. Additionally, in accordance with the latest analysis of Huangpu
River tide levels, it is advisable to augment floodwalls to maintain their intended flood
control capacity (Ke et al., 2018). By prioritizing these targeted efforts, Shanghai can
make significant strides toward achieving its developmental aspirations while effectively
managing the risk from compound flooding events.
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Figure 5.8: Visual of various measures applicable to Shanghai.

5.6. CONCLUSIONS

In this study, we highlight the importance of understanding how the interactions be-
tween multiple flood mechanisms change flood hazard maps, in contrast with the cur-
rent Chinese flood policy which focuses on floods due to only a single driver. Although
this study is specific to Shanghai City, the methodology of quantitatively assessing com-
pound flood hazard via a coupled statistical-hydrodynamic model framework is avail-
able for other coastal cities.

1) The study allowed us to analyze the dynamics of storm surge and rainfall interac-
tions and their effect on the inundation area under various return periods.

2) The investigation into the impact of temporal windows spanning +24 hours re-
vealed that the maximum cumulative inundation depth occurs at a temporal lag of -2
hours, highlighting the importance of assessing compound flood hazard "time lag" be-
tween different flood driving factors.

3) Storm surge is the primary driver of fluvial flood inundation in Shanghai, with
inundated regions primarily situated on both sides of the Huangpu River, and concen-
trated in the city center and other specific districts.

4) Based on the worst-case inundation map caused by storm surge and rainfall, the
flood zones are delineated into fluvial, pluvial and transition zones, enabling us to pro-
pose potential adaptation strategies to cope with inundation in Shanghai.
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6.1. MAIN FINDINGS

This dissertation aims to advance the understanding, modelling, and quantification of
compound flood hazards in Chinese coastal cities. Assessing the compound flood haz-
ards involves a comprehensive understanding of the interaction between flood drivers.
However, the limited historical data poses challenges in accurately estimating compound
flood hazards. Additionally, traditional coastal flood models often overlook the inter-
actions between rainfall and storm surges, leading to underestimation of the hazard.
Uncertainty remains regarding how climate change would affect compound floods and
joint probability distributions between storm surges and rainfall along the Chinese coast.

This dissertation addresses these challenges by proposing methodologies to quan-
tify compound flood hazards at both regional and local scales. The findings from this
thesis have the potential to guide the design and implementation of compound flood
management systems in Chinese coastal regions, improving the reliability and safety of
infrastructure while mitigating the adverse effects of compound flooding.

First, the four research questions formulated in Chapter 1 are answered (section 6.2).
Then, recommendations for further research are provided (section 6.3).

6.2. ANSWERS TO THE RESEARCH QUESTIONS

I. What are the geographical and physical factors determining the relationship be-
tween peak surge and rainfall along the Chinese coastline?

Our analysis shows a positive and statistically significant correlation between surge
peaks and rainfall in 10 out of 26 investigated catchments, meaning that high rain-
fall events are associated with high surges. However, we observe different pat-
terns regarding extreme surge events in southern and northern China. South-
ern China experiences the highest frequency of such events during the typhoon
season, while the majority of surge peaks in the northern part occur in the non-
typhoon season. This geographic variation is consistent with expectations, as ty-
phoons predominantly impact the southern region.

Subsequently, we employed a copula-based approach to calculate the joint prob-
ability and design value of peak water level and accumulated rainfall considering
the impact of relative sea level rise (RSLR) in Shanghai. Seven potential compound
flood events have been identified, wherein astronomic tide acts as the primary
driver, with storm surge serving as a supplementary factor in one instance. The
combined influences of astronomic tide, storm surge, and RSLR collectively con-
tribute to peak water levels, emphasizing the importance of considering all rele-
vant factors during the typhoon season. Hence, it is imperative to monitor and
predict the interaction of these factors as integral components of future design
standards aimed at enhancing flood preparedness.

II. What is the added value of explicitly modelling the dependence between peak surge
and rainfall when inferring design values for compound flooding in coastal regions?
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III.

IV.

Explicitly modelling the dependence between peak surge and rainfall additional
information in terms of design can be obtained. We showed that in southern
China, specifically on Hainan Island, extreme rainfall events during the typhoon
season exhibit greater intensity compared to the majority of annual maxima events,
while this is not the case in the northern part of China. This implies that even in
flood-prone areas, the actual impact depends on the geographical location and as-
sociated climate. These results are obtained by conditionalizing the dependence
model between storm surge and rainfall on the level of storm surges of interest.

Moreover, copula functions are flexible to incorporate the effect of SLR on extreme
water levels. At the Wusongkou tide gauge in Shanghai, the presented future sce-
nario including relative sea-level rise shows an increase in the design value of ex-
treme water level compared to the scenario without sea-level rise.

Why do synthetic generated data provide valuable options for compound flooding
hazards assessment when available observations are limited?

In regions with limited historical data, synthetic data offers the possibility to gen-
erate potential real events. This allows for a more comprehensive exploration of
various scenarios and combinations of extreme conditions, such as peak water
levels and accumulated rainfall, which is essential for understanding compound
flooding. Here, coupling storm surge and overland inundation model shows that
storm tide is the primary driver of compound flood inundation in Haikou. In sum-
mary, synthetically generated data complement traditional data sources, enhanc-
ing our understanding of complex flooding dynamics and contributing to more
effective resilient coastal planning efforts.

What are the potential benefits of combining probabilistic modelling and hydrody-
namic modelling for flood hazard quantification in urban environments?

Statistical dependence models offer a general understanding of the potential of
flood hazards with a certain severity and frequency. At the local scale, hydrody-
namic models complement statistical models by providing detailed insights into
how flood drivers interact with urban topography and infrastructure, leading to a
more holistic assessment of flood hazards. The framework proposed combines a
statistical dependence model for defining compound events with a hydrodynamic
model to assess inundation maps. This combined model enables investigating
the sensitivity of inundated areas to the relative timing of storm surge peaks and
rainfall peaks during the typhoon season in Shanghai. The results reveal that the
maximum cumulative inundation depth occurs when the peak rainfall happens
two hours before the peak storm surge, highlighting the importance of assessing
the time lag between different flood-driving factors in evaluating compound flood
hazards.

Moreover, the combined model enables categorizing flood zones based on their
main drivers, i.e., fluvial, pluvial, and transition zones. In Shanghai, storm surge
emerges as the primary driver of fluvial flood inundation, concentrating flood risk
in specific districts and the city center along both sides of the Huangpu River. This
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knowledge is invaluable for engineers and urban planners, guiding the planning
and design of both structural and non-structural measures in flood-prone areas to
ensure resilience against potential combinations of hazards.

6.3. RECOMMENDATIONS

6.3.1. RECOMMENDATIONS FOR FUTURE RESEARCH

1. Broadening the model scope and resolution. Future studies should explore the
integration of advanced modelling techniques, including machine learning algo-
rithms and high-resolution numerical simulations, to improve the accuracy and
predictive capabilities of compound flood models. There is a need to expand the
scope of compound flood modelling to incorporate additional contributing vari-
ables such as local precipitation, wave impacts, and coastal flooding nuances. To
improve the accuracy of predictive models for short-duration heavy precipitation
events in urban environments, future research should also explore the intercon-
nections within tightly coupled hydrodynamic models.

2. Overcome the data limitations in coastal flood assessment. One of the primary
limitations of this study is the relatively small number of tide gauge sites and the
limited length of the available time series, particularly from observations. Presently,
the publicly accessible datasets considered in this study constitute the most com-
prehensive collection of hourly sea level data along Chinese coasts. There exists an
urgent necessity for longer datasets to be employed to better evaluate compound
flood risk, particularly for the southeastern coasts of China, which are suscepti-
ble to TCs. In this study, we solely address two flooding drivers: precipitation and
storm surge. However, it is imperative to further investigate the role of other flood-
ing drivers, as well as compound effects under nonstationary conditions. This in-
cludes conducting bivariate frequency analysis, evaluating the relationship to cli-
mate indices, and considering the implications for flood risk management. The
latter aspect is of particular significance, given the limited capacity of drainage
systems in many urban areas across China.

3. Enhancing dimensionality of copula models. This study explores historical com-
pound flooding resulting from the combination of rain and tide, laying the funda-
mentals for examining future scenarios influenced by climate-altered typhoon dy-
namics and sea-level fluctuations. The change of typhoons is expected to greatly
impact the frequency and intensity of compound flooding events in coastal re-
gions under climate change. To effectively address the complexities of these future
scenarios, enhancements to the current copula joint distribution model are neces-
sary. This expansion includes incorporating higher-dimensional and higher spa-
tiotemporal resolution details related to environmental factors, e.g. rainfall, storm
surge, river discharge and sea level rise. Integration of these additional drivers into
the copula model framework enables researchers to understand the interactive re-
lationships between drivers in compound flooding, which would provide reliable
predictions of compound flooding hazards in response to climate change.
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6.3.2. RECOMMENDATIONS FOR PRACTICAL FLOOD MANAGEMENT

1. Integration of additional values in design provided by joint probability analysis.
This supplementary data on likelihood offers insights for designers, planners, and
decision-makers involved in flood management strategies. By incorporating this
information into their planning processes, stakeholders can make more informed
decisions regarding infrastructure design, land-use planning, and emergency re-
sponse strategies. This approach enhances the resilience of urban areas against
flood hazards by providing a more comprehensive understanding of the proba-
bilistic nature of flooding events and their potential impacts. For example, flood
management could be informed by conditional probabilities of rainfall given the
100-year return period storm surge.

2. Simulating compound flooding using hydrodynamic models. These models of-
fer a robust framework for integrating multiple flood-driving factors, such as rain-
fall and storm surges, to simulate complex flood scenarios accurately. By employ-
ing hydrodynamic models, practitioners in flood management can gain valuable
insights into the interactions and amplification effects of different flood drivers,
thereby enhancing their ability to anticipate and respond to compound flooding
events. Furthermore, leveraging hydrodynamic models enables the exploration of
various mitigation strategies and adaptation measures tailored to address the spe-
cific challenges posed by compound flooding. Incorporating these simulation ca-
pabilities into practical flood management approaches can significantly improve ﬂ
resilience and preparedness in flood-prone regions, ultimately safeguarding lives,
infrastructure, and livelihoods.

3. Investmentin resilience infrastructure. To deal with compound flooding in Shang-
hai, investing in strong infrastructure is important. This means building more
green spaces, surfaces that can absorb rainstorms, and strong coastal defences.
These measures do two things: they help absorb and drain away excess water dur-
ing compound floods, and they make the city better able to handle different com-
pound flooding drivers. By including these improvements in city planning and
development, Shanghai can become much less vulnerable to compound flooding
and better prepared for future climate change.
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