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Abstract Typhoon‐induced Compound Flood (TCF), driven by the combined impact of extreme rainfall
and increasing coastal water level (CWL), poses a substantial threat to urban safety. This study presents a
framework for assessing the future compound flood hazard profiles in a coastal megacity in the Delta region of
southern China. A coupled hydrology‐hydrodynamic model is applied to simulate the flooding processes of 7
typhoon events. Scenarios are constructed using all possible pairwise combinations of three rainfall and three
CWL conditions. These inputs are derived from statistical and dynamical downscaling of climate projections
from the Coupled Model Intercomparison Project (CMIP6) ensemble under the SSP5‐8.5 pathway. The results
show that future CWL rise contributes more to future inundation than increasing rainfall, whereas rainfall
contributions exhibit considerable uncertainties due to regional rainfall downscaling. Under extreme warming
scenarios, future typhoons may produce increases of up to 230 mm in total rainfall and 28 mm per hour in
rainfall intensity, which in turn increase the average urban inundation depth and area by 1.2 cm and 24.7 km2,
respectively. Given an average CWL of 170 cm and a maximum CWL of 440 cm in the future, the inundation
depth and area could increase by up to 8.4 cm and 29 km2, respectively. Within the 7 typhoons in this study,
Hagupit (2014) exhibits the most notable compound effect, potentially expanding the medium‐to‐high risk area
(inundation depth above 27 cm) by over 5%. This study demonstrates that climate change may intensify TCF,
requiring flood‐mitigating measures to consider rainfall‐CWL interactions.

Plain Language Summary Typhoons are strong tropical storms that can cause higher coastal water
levels and heavy rain, leading to floods in coastal cities. This study uses advanced simulation methods to predict
inundation profiles during typhoons by the end of this century for a large coastal town under global warming
conditions. It found that rising sea levels might have a bigger impact on future flooding than rainfall changes.
Future typhoons in extreme warming conditions could bring up to 230 mm of rain, increasing by 28 mm per
hour, raising flood depth by 1.2 cm, and spreading flooded areas by 25 km2. Rising sea levels during typhoons
could add 8 cm to flood depth and expand flooded areas by 29 km2. When both heavy rain and rising sea levels
occur, inundation height and extent increase remarkably. Typhoon Hagupit shows the strongest compound
effect. These findings stress the need for specific actions to protect coastal cities from the combined threats of
rain and sea‐level rise.

1. Introduction
As climate extremes intensify, coastal cities are becoming progressively more vulnerable to compound flood
events, driven by the simultaneous or sequential occurrence of heavy rainfall and elevated coastal water levels
(CWLs) (Hendry et al., 2019; Nasr et al., 2021; Tao et al., 2022). Typhoons, as dominant meteorological systems
in the North Pacific area, epitomize this synergy, delivering intense rainfall, storm surges, and wind‐driven waves
that collectively exacerbate inundation (Wu et al., 2025; Yan et al., 2024). Typhoon‐induced Compound Flood
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(TCF) represents one of the most critical and complex hazards in subtropical coastal regions, where the interplay
between discharge, precipitation, and CWL leads to highly nonlinear and destructive flood dynamics. Densely
populated delta megacities like Shanghai, Hong Kong, and Shenzhen are particularly susceptible to and have been
widely documented to experience TCF (Lai et al., 2023; Xu et al., 2022).

Climate change adds a layer of complexity to TCF. According to the long‐term records, 2015 to 2024 is the
warmest decade, causing extreme weather to impact communities and economies worldwide (World Meteoro-
logical Organization (WMO), 2024). Compared with the historical period (1981–2010), mean and extreme
precipitation over southern China is projected to increase substantially by the end of the century (2071–2100)
(Liang & Haywood, 2023). Global mean Sea Level Rise (SLR) might amount to 65 ± 12 cm relative to 2005 by
2100 (Nerem et al., 2018). Along the China coast, projections under a 1.5°C warming scenario indicate a median
SLR of 38–49 cm, relative to the 1986–2005 average (Qu et al., 2020). In addition, SLR is likely to increase tidal
ranges in estuaries with dampened tidal regimes (Khojasteh et al., 2023). However, while we expect these TCF
drivers to shift in response to warming, especially rainfall intensification and SLR, we currently lack robust
quantitative estimates of how evolving typhoon characteristics will shape compound flood hazards.

To overcome this limitation, various methodologies have been developed for assessing future compound flood
hazards. Typically, within these frameworks, future extreme event projections focus on changes in frequency and
intensity, addressing how return periods for specific intensities will change (Shepherd, 2016). In the case of
compound flooding, multiple contributing factors are involved, necessitating a joint statistical treatment (Bev-
acqua et al., 2017; Jalili Pirani & Najafi, 2023; Latif & Simonovic, 2022). Such future risk analyses typically rely
on long‐term climatological simulations. For example, Hermans et al. (2024) and Bermúdez et al. (2021)
developed a methodological framework to assess changes in compound flooding under climate change scenarios
based on outputs from Coupled Model Intercomparison Project (CMIP6) climate models. Notably, a series of
statistical‐dynamical downscaling approaches for rapidly estimating tropical cyclone tracks and precipitation
have also proven effective for future TCF assessment (Santiago‐Collazo et al., 2021; Sarhadi et al., 2024). A
complementary framework to risk‐based attribution is the storyline approach, which is defined as a physically
self‐consistent unfolding of past or plausible future events or pathways (Shepherd et al., 2018). The storyline
approach avoids the deep uncertainty inherent in long‐term simulated dynamics by addressing the question: For
given historically impactful typhoon events, how do projected climate changes affect the magnitude of the
resulting compound flood hazard? An example is given in Goulart et al. (2024), developing spectrally nudged
storylines of Hurricane Sandy to evaluate the compound flooding impacts on critical infrastructure in New York
City.

The Pseudo‐Global Warming (PGW) approach is an efficient, computationally cost‐effective method for con-
structing storylines related to extreme weather events (Schär et al., 1996; Xue et al., 2023). The core idea of PGW
is to directly impose large‐scale changes in the climate system onto a control regional climate simulation,
typically representing present‐day conditions, by modifying the boundary conditions (Brogli et al., 2023). In
regional climate modeling research, the PGW approach is widely adopted for simulating extreme meteorological
events under climate change (Grimley et al., 2024; Heim et al., 2023; Lackmann, 2015; Olschewski et al., 2024).
Further validation comes from Tanaka et al. (2023), which shows that the PGW experiments and the risk‐based
approach yield consistent basin‐averaged accumulated rainfall in all target basins, underscoring the robustness of
the PGW method for extreme event assessments.

Extreme events, such as high‐impact typhoons, provide critical input for long‐term policy formulation and hazard
mitigation planning. However, only a few studies estimate future TCF in Shenzhen (Bai et al., 2023) despite its
higher population density and increased TCF exposure over the past four decades.

To fill this gap, our previous work focused on assessing the potential impact of climate change on typhoon in-
tensity using the Weather Research & Forecasting (WRF) model, following a PGW‐based storyline approach
(Olschewski et al., 2024). In this study, we expand upon this work to simulate the flooding from these typhoon
realizations using a coupled hydrology‐hydrodynamic model, taking modeled WRF rainfall and CWLs from
Deltares Global Tide and Surge Model version 3.0 (GTSM3.0) as boundary conditions. We aim to quantify the
contributions of future changes in rainfall and CWL to compound flooding under the SSP5‐8.5 scenario.
Particular emphasis is given on evaluating the responses of these two drivers to climate warming and assessing
their impacts on flood depth, the dominant mechanism, and the compound effects.
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2. Research Area and Data Sets
2.1. Research Area

Shenzhen, a coastal metropolis with a population of more than 17 million (Shenzhen Statistics Bureau, 2021), is
located in the economically developed and densely populated Pearl River Delta in southern China. Shenzhen has a
subtropical monsoon climate, with an average annual rainfall of approximately 1,930 mm during the most recent
climate normal period (1991–2020), from which 86% of the annual precipitation occurs during the rainy season,
which stretches from April to September. Shenzhen is prone to severe weather events, including frequent ty-
phoons in summer and occasional autumn typhoons in certain years (Shenzhen Meteorological Bureau, 2024).

The research area's location, terrain, and land use are shown in Figure 1. The total area of Shenzhen is 1987 km2;
the whole region can be divided into 9 hydrological subbasins. The hydrodynamic model is constructed for the
Maozhou River Basin (MZR) and the Zhujiangkou Basin (ZJK), which cover 670 km2. The MZR spans the
border between Shenzhen and Dongguan and features a primary stream running approximately 31 km east to west
toward the sea, with tributaries spread throughout the basin. Situated in the western coastal region of Shenzhen,
the ZJK contains several minor drainage channels that flow into the sea. ZJK is highly susceptible to flood risks
because of its expansive, low‐lying coastal regions (Bai et al., 2023). Since the launch of China's reform and
opening‐up policy, Shenzhen has undergone rapid urbanization in the past few decades. As observed in the
selected study areas, urban regions dominate the landscape. As urbanized areas substantially overlap with low‐
lying regions, urban areas are highly vulnerable to TCF.

2.2. Typhoon Case Selection

To maintain consistency with previous research by Olschewski et al. (2024) on typhoon simulation using the
PGWmethod, this study utilizes the same typhoon cases. These cases were selected based on the performance of
the WRF model in reproducing maximum wind speed and minimum sea level pressure, making them typical
typhoons affecting Shenzhen and enabling a robust investigation of warming‐induced intensity changes. Besides,
typhoon Mangkhut was chosen for model calibration due to its high impact (Section 2.1) and extensive gauge
data. The paths of 8 typhoons are depicted in Figure 2, including the distance from their landing points to the
research area, as well as their intensity upon landing. Most of these typhoons moved from the southeast to the
northwest, except typhoon Neoguri, which traveled from the south to the north.

Figure 1. Details of the research area: (a) Location, (b) the elevation and gauge station locations, and (c) the land‐use types and the Manning's roughness coefficient
assigned in the hydrodynamic model.
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2.3. Data Sets

The rainfall data are derived fromWRF downscaling combined with the PGWmethod (Olschewski et al., 2024),
with the driving data from CMIP6 scenarios (Eyring et al., 2016). The hourly rainfall data for calibration and
validation are obtained from the Shenzhen Meteorological Bureau. The CWL data for future scenarios are from
the Copernicus data set and are produced by a Deltares‐led consortium including Vrije Universiteit Amsterdam,
IHE Delft on behalf of the Copernicus Climate Change Service (Muis et al., 2022). The hourly gauge discharge
and tidal data are from Huadong Engineering Corporation Limited. The static geographical data of the research
area, including elevation, land use types, and river channel data, are also from Huadong Engineering Corporation
Limited. The sparse waterlogging data come from theWater Authority of Bao'an District, ShenzhenMunicipality.
The gauge data sets of tide, discharge, waterlogging observations, and static data are not publicly released.

3. Methods
3.1. Calibration and Projection Model Frameworks

To investigate the compound flood driven by rainfall and CWLs, we design an integrated modeling framework as
illustrated in Figure 3a. The WRF model is used to downscale the ERA5 reanalysis data and climate fields
perturbed with GCM‐derived temperature anomalies, producing historical and future regional rainfall fields. The
Delft3D Flexible Mesh Suite (D‐FLOW FM) supports both inland inundation modeling (D‐FLOW 1D2D) and
GTSM3.0, using separate meshes for inland and ocean regions. D‐FLOW 1D2D simulates 1D and 2D hydro-
dynamic processes within the inland region. It is fully coupled with D‐Rainfall Runoff, which models rainfall‐
runoff processes across sub‐catchments. Meanwhile, GTSM3.0 simulates CWLs, accounting for tides, storm
surges, and sea‐level rise on decadal scales, as well as their interactions.

In D‐Rainfall Runoff, each sub‐catchment is divided into paved and unpaved areas to simulate hydrological
processes in urbanized and natural land surfaces separately. This lumped hydrological model is bidirectionally

Figure 2. Typhoon tracks for typhoon Mangkhut and another 7 selected typhoon cases. The blue dots are 6‐hr intervals. Red
stars mark each track's closest point to the coastline, with corresponding time, distance to the research area, and intensity
displayed in the upper right corner.
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coupled to a node within the 1D hydrodynamic model, enabling the exchange of water level and flow dynamics.
Each node in the 1D hydrodynamic model is further bidirectionally coupled with a 2D hydrodynamic cell, thereby
achieving full two‐way coupling among hydrology, 1D hydrodynamics, and 2D hydrodynamics. GTSM3.0
provides CWL conditions, which are directly passed to the hydrodynamic model as input boundary conditions for
the coastal region. This integrated modeling framework enables us to comprehensively analyze the compound
impacts of rainfall and CWLs on urban flooding in the study region. For model calibration, the rainfall and CWL
data are replaced by observed data to control the uncertainty from the boundary conditions and to test the effi-
ciency of the hydrology and hydrodynamic models. The model framework is depicted in Figure 3b.

3.2. Projected Scenarios of Typhoon Rainfall

To project and downscale rainfall scenarios under warming conditions in the future, the PGW method is applied
within the WRF model by modifying the boundary conditions in the historical period with warming signals
(Olschewski et al., 2024). The warming signals are derived from the mean difference between the temperature in
the future period (2071–2100) and the historical period (1985–2014). The two thermodynamically‐based
storylines used in this study present favorable and unfavorable conditions for typhoon intensification, respec-
tively. Specifically, the former storyline pairs the maximum SST warming with the minimum atmospheric
warming, while the latter pairs the smallest SST warming with the largest atmospheric warming. In the following,
these two scenarios are referred to as hiS‐loA and loS‐hiA, respectively.

For the downscaling experiments, the WRF model (version 4.3.3) is used. WRF has been used to simulate
typhoon events and is reported to have good reliability (Dong et al., 2021; Jiang et al., 2023; Skamarock
et al., 2019). In this study, a nested approach is followed to downscale the meteorological forcing from a reso-
lution of 0.25° to 25 km in the outer domain (d01) and 5 km in the inner domain (d02), with a temporal resolution
of 1 hr. Both domains use an uneven vertical division of 52 levels up to 50 hPa. Spectral nudging adjusts the
typhoon tracks to historical data by influencing horizontal wind speeds above the 500 hPa level every 6 hr,
aligning them with ERA5 data without affecting the typhoon's inner core (Storch et al., 2000).

3.3. Processing Coastal Water Level

GTSM3.0 is an unstructured barotropic model based on the Delft3D FM software developed by Deltares (Muis
et al., 2020). GTSM3.0 has global coverage and, therefore, has no open boundaries, which makes the model very
flexible to apply to different settings or for different scenarios. GTSM3.0 can be run in tide‐only, surge‐only, or
combined tide‐surge mode, optionally including sea‐level rise. In this way, interaction effects between tides,
storm surges, and mean sea level can be included.

Figure 3. The processes of (a) the model calibration framework for the typhoon Mangkhut event, and (b) the model
framework for historical and future scenarios for the selected 7 typhoons.
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The Copernicus data set provides the historical reanalysis of CWLs and future projected CWLs derived from five
GCMs under the high‐emission scenario SSP5‐8.5 (Muis et al., 2022). Due to limited CWL observations in
Shenzhen, the reanalysis CWLs are used to represent the historical baseline. The reanalysis CWLs are adjusted
using available observations from 8 June 2016, to 5 October 2019. Figure 3b refers to this process as extrapolation
and location‐based bias correction. The details are as follows: Shenzhen ST2 (Figure 1 as GTSM3.0 SZ) is the
closest simulation output point to the tide gauge station.We used the relationship between the observed CWL data
set from the tide gauge station (Figure 1) to post‐process the model output from Shenzhen ST2. After a distance‐
based adjustment, the CWL is in good agreement with the observed values, and the first‐order regression co-
efficient is close to 1 (Figure S1 in Supporting Information S1).

Subsequently, a quadratic regression model is fitted to the CWL rise signals from five GCMs, which is then used
for extrapolation to evaluate CWL rise signals (Figure S2 in Supporting Information S1). The rise in CWL signals
between the years of typhoons and 2100 for the 5 GCMs is shown in Table 1. The CMCC‐CM2‐VHR4 has the
lowest CWL rise signals, while EC‐Earth3P‐HR produces the highest CWL rise signals; the other three are in
between. In this study, we select the CMCC‐CM2‐VHR4 and EC‐Earth3P‐HR outputs to represent the most
moderate and the most extreme scenarios of future CWL, respectively. In the following, they are abbreviated as
w1 and w2. The reanalysis CWLs after adjustment are used as the historical reference, abbreviated as w0.

3.4. Hydrological Processes in the Sub‐Basins of the Maozhou River

The D‐Rainfall Runoff is a module compliant with the Delta Shell framework, which is designed to simulate
rainfall‐runoff processes (Prinsen et al., 2010). It supports multiple modeling concepts, including the polder
concept, Sacramento, and Hydrologiska Byråns Vattenbalansavdelning, with the polder concept specifically
developed for low‐lying areas. This concept represents the area as a bucket model, balancing water inflows and
outflows to simulate hydrological processes in rural and urban settings under varying conditions. Key processes
modeled include rainfall, evaporation, surface runoff, infiltration, and drainage. The modeling concept is lumped,
which means that there is no direct interaction between the individual buckets. The module can operate inde-
pendently or integrate with the D‐FLOW 1Dmodule for simultaneous or sequential calculations (Deltares, 2023).

In the study region, most of the rivers in the Pearl River Estuary basin directly discharge into the open sea and are
controlled by CWLs rather than rainfall‐runoff processes. Therefore, we only conducted hydrological zoning and
calibration for the Maozhou River basin. For typhoon Mangkhut, there are sufficient hydrological and tidal data,
so we used the period of Mangkhut for model calibration and validation. There was also extreme rainfall before
Mangkhut, but the storm surge phenomenon was not obvious. We also included this period in our simulation. The
details of calibration based on typhoon Mangkhut can be in Supporting Information S1 (Figures S3 and S4). As
part of the model preprocessing and validation, simulations for periods during and before Mangkhut both reach a
Nash‐Sutcliffe Efficiency of 0.8, demonstrating that the hydrological component reproduces the observed
discharge well.

3.5. Flood Modeling

D‐FLOW FM is the integrated modeling system of Deltares for the aquatic environment. It uses a flexible mesh
consisting of a combination of rectilinear or curvilinear cells and unstructured cells composed of triangles and/or
quads, which allows for local cell refinement in areas with large horizontal gradients. In D‐FLOW FM, the non‐

Table 1
Relative CWL Rise in cm Between the Year of the Typhoons and 2100 for the 5 GCMs

GCMs

Typhoons and periods

Sally 1996‐ Utor 2001‐ Neoguri 2008‐ Hagupit 2008‐ Usagi 2013‐ Mujigae 2015‐ Hato 2017‐

CMCC‐CM2‐VHR4 57.4 53.2 53.4 53.4 51.8 54.7 52.6

EC‐Earth3P‐HR 81.5 77.3 77.5 77.5 76.0 78.9 76.7

GFDL‐CM4C192‐SST 61.1 56.9 57.2 57.2 55.6 58.5 56.4

HadGEM3‐GC31‐HM 78.6 74.4 74.6 74.6 73.0 75.9 73.8

HadGEM3‐GC31‐HM‐SST 71.7 67.5 67.7 67.7 66.2 69.0 66.9
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linear shallow water equations are solved. The equations are derived from the three‐dimensional Navier‐Stokes
equations for incompressible free surface flow under the shallow water and Boussinesq assumptions (Del-
tares, 2023). D‐FLOW FM has been shown to exhibit excellent performance in simulating water levels in
estuarine regions as part of a coupled model framework, with skill scores ranging from 0.79 to 0.91 near the storm
peaks and negligible phase errors (Bakhtyar et al., 2020). In a comparative study, it was found that D‐FLOW FM
enhanced with atmospheric forcing predicts total water levels more accurately and 6 to 10 times faster than the 2D
HEC‐RAS model (Muñoz et al., 2022). Furthermore, D‐FLOW FM has already been applied to assess compound
flood and shows good performance (Ke et al., 2021; Xu et al., 2024).

D‐FLOW 1D2D is applied in this study to simulate the hydrodynamic processes of the region without considering
depth‐dependent variations. Unstructured cells are applied to cover the entire study region (Figure 4a), with
different resolutions employed in urban (Figure 4b) and mountainous regions (Figure 4c) to balance computa-
tional efficiency and accuracy requirements. The entire region consists of 173,541 cells, with cell characteristic
resolution sizes ranging from 14 to 427 m. The characteristic resolution is defined as the side length of an equal‐
area square or as the square root of the cell area (Figure 4d). The mean characteristic resolution of the cells is
55.8 m, and the median value is 48.7 m. For the river channel and its adjacent floodplain, where the wetting‐
drying transition might occur, we apply mesh refinement to minimize sharp topographic gradients that can
lead to artificial spikes in inundation depth.

The original elevation data, with a resolution of 30 m (Figure 1b), are first interpolated to the center of each
computational cell using the inverse distance weighting method to obtain the cell elevations. Subsequently, the
elevations of the major rivers' channel cells are manually adjusted based on their locations, shown on Google
Maps and surveyed cross‐sectional data. TheManning's roughness coefficient of each computational cell depends
on the land‐use type shown in Figure 1d; the roughness assigned for each land‐use type is marked in the legend.
Then the roughness is assigned to computational cells based on their geographical location. A 1 cm depth
threshold distinguished wet and dry cells during the simulation.

Similar to the hydrological model, the hydrodynamic model is evaluated during typhoon Mangkhut and its
associated pre‐typhoon heavy rainfall events, with corresponding inundation maps provided in Figure S5 in
Supporting Information S1. The results of these two periods can reflect the model's ability to capture the different
flooding patterns. The model can be used for further quantitative assessments of inundation profiles under
changing climate conditions.

Figure 4. The two‐dimensional unstructured hydrodynamic computational cells covering the study region are shown in (a).
Zoom‐in of an urban area of higher resolution is shown in (b), and a mountainous area with lower resolution is shown in (c).
The resolution of all cells is shown in (d). The characteristic resolution is defined as the side length of an equal‐area square.
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3.6. Experiment Design and Metrics Definition

The experiments are shown in Table 2, and the input rainfall and CWLs for 7
typhoons are shown in Figure 5. The hydrometeorological conditions from
the reanalysis are used as baseline reference, referred to as Reanalysis for
Rain and w0 for CWL. By taking all possible pairwise combinations of the
three rainfall inputs, Reanalysis, hiS‐loA, and loS‐hiA, and three CWLs, w0,
w1, and w2, we obtain an ensemble of 9 members for further hydrodynamic
modeling. The ensemble subsets of the members using Renalysis, hiS‐loA,
and loS‐hiA are called ENS(Reanalysis), ENS(hiS‐loA), and ENS(loS‐hiA),
respectively. The ensemble subsets of the members using w0, w1, and w2 are
called ENS(w0) and ENS(w1), and ENS(w2), respectively.

We calculate several key metrics to quantify the flood drivers. After removing
the area of permanent water bodies, the remaining 627 km2 is used for all
subsequent inundation calculations, including as the denominator for the

inundation ratio. For rainfall, the domain‐averaged hourly rain rate ( R̄t) is computed across the WRF grids. This
is then used to derive the total storm rainfall (Rtot) by summing the hourly means over the typhoon period, and the
maximum hourly rainfall (Rmax) as the peak of the hourly mean series. Similarly, the characteristics of the CWL
input are quantified by the average CWL ( L̄) and the maximum CWL (Lmax) during the typhoon period. The
hydrodynamic model output is analyzed using two primary hazard metrics: inundation area (Ainu) and average
inundation depth ( D̄inu).

The isolated impact of CWL and Rainfall on flooding is referred to as a single‐factor effect, which takes the
maximum of the outputs from the experiments using maximum CWL alone (with rainfall using Reanalysis) and
maximum rainfall alone (with CWL using w0). The combined impact of CWL and Rainfall on flooding is referred
to as a dual‐factor effect, which directly takes the results from the experiment using maximum CWL and Rainfall
together. The compound effect depth (Dcomp) is defined as the difference between the dual‐factor inundation
depth and the single‐factor inundation depth. The mathematical definitions for these averages and the compound
effect are detailed in Supporting Information S1. The original plan for calculating the single‐factor effect is to take
the maximum inundation for each computational cell from experiments 3 and 7 and then evaluate the corre-
sponding metrics. However, because the experiment with the maximum rainfall output differed across typhoon
cases, the final calculation applied a filter selecting the case with the largest Rtot from Experiments 1, 4, and 7. The
equations of the above variables and metrics can be found in Supporting Information S1.

Table 2
Experiment Design

Experiment Boundary conditions (Rain + CWL)

1 Reanalysis + w0

2 Reanalysis + w1

3 Reanalysis + w2

4 loS‐hiA + w0

5 loS‐hiA + w1

6 loS‐hiA + w2

7 hiS‐loA + w0

8 hiS‐loA + w1

9 hiS‐loA + w2

Figure 5. Input rainfall and coastal water level boundary conditions for 7 typhoons.
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We follow the classification scheme from the Beijing Urban Waterlogging and Flood Risk Map released by the
Beijing Municipal Water Authority in 2024 (with thresholds of 15, 27, and 40 cm representing low, medium, and
high risk, respectively), using AMHR to indicate the area of inundation depth greater than 27 cm, which corre-
sponds to medium‐to‐high risk in this case (Beijing Municipal Water Authority, 2024).

4. Results
4.1. Rainfall‐Attributed Flood Hazard Profiles

Figures 6c and 6d illustrates the changes in inundation metrics when only the rainfall input is altered. Across the 7
typhoon cases under the hiS‐loA scenario, the average increase in D̄inu is 0.2 cm, with Āinu increasing by 3.4 km2.
The largest increases are 1.2 cm in D̄inu and 24.7 km2 in Āinu (typhoonMujigae). Whereas under loS‐hiA scenario,
both D̄inu and Āinu decreased to varying degrees.

The change of inundation metrics tend to be more responsive to fluctuations in the Rmax (Figure 6). However, once
Rtot exceeds a certain threshold, both D̄inu and Āinu become more strongly influenced by Rtot than by Rmax. For
instance, in the hiS‐loA scenario during typhoon Neoguri, the Rmax increased substantially by 28 mm (Figure 6b),
an increase larger than those observed during typhoons Utor and Mujigae; yet, the resulting increases in D̄inu and
Ainu were smaller than those during the latter two events. This lack of a clear, linear relationship between changes
in rainfall metrics and inundation outcomes, particularly where Rtot increases but D̄inu decreases (e.g., during
typhoon Hato). Although Rtot may have increased, a more evenly spread distribution across time or space could
yield a lower intensity at any given point, thereby reducing the resulting inundation and contributing to the
observed complexity.

To illustrate this uncertainty in rainfall downscaling, the spatial distributions of accumulated rainfall for 7 ty-
phoons are plotted. The figure for typhoon Hagupit is shown in Figure 7, and the rest is in the SI material (Figures
S6–S11 in Supporting Information S1). Figure 7 shows that in the hiS‐loA scenario, the accumulated rainfall
within the WRF inner domain is notably greater than in the other two scenarios, with enhanced rain on both sides
of the track. However, the subplots in the upper‐right corner show that rainfall over the Shenzhen area is actually
lower than in the other two cases. This difference helps explain the results in Figure 6. Unlike most typhoon
events, Hagupit under the hiS‐loA scenario does not show an increase in rainfall. As a result, both the total and the
maximum rainfall in the study region are smaller than those in the reanalysis and loS‐hiA scenarios. Based on the
accumulated rainfall spatial patterns alone, it appears that rainfall during the late stage of Hagupit's life cycle
decreased substantially in the hiS‐loA scenario compared with the other two (Figures 6a, 6b, and 6d).

Overall, for most typhoon events, the loS‐hiA scenario, which is less favorable for typhoon formation, results in
decreases in Rtot and Rmax, thereby reducing D̄inu and Āinu. In contrast, the hiS‐loA scenario demonstrates the

Figure 6. (a) Difference in total rainfall compared to Reanalysis. (b) Difference in maximum rainfall compared to Reanalysis. (c) Difference in average inundation depth
of ENS(hiS‐loA) and ENS(loS‐hiA) compared to ENS(Reanalysis). (d) Difference in inundated area of ENS(hiS‐loA) and ENS(loS‐hiA) compared to ENS
(Reanalysis).
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opposite pattern. Furthermore, compared to loS‐hiA, rain in the 7 typhoon cases under hiS‐loA exhibits a higher
range of uncertainty. When translated into inundation simulation results, this uncertainty becomes more pro-
nounced. Moreover, our results suggest that both Rmax and Rtot are important for assessing flooding and that
considering only one metric could lead to misattribution.

Figure 7. Accumulated rainfall distribution and time series during typhoon Hagupit, with an inset at the upper right of the
panel showing a magnification of Shenzhen and the cyan area represents the hydrodynamic modeling extent. (a) Spatial
distribution of accumulated rainfall in the WRF inner domain during typhoon Hagupit based on reanalysis data; (b) Same as
(a) but for the hiS‐loA scenario; (c) Same as (a) but for the loS‐hiA scenario; (d) Comparison of hourly accumulated rainfall
time series. Solid lines in (d) indicate accumulation within a 500 km radius from the hourly typhoon center, while dashed
lines correspond to accumulation within the Shenzhen area. The yellow line in panel (a) indicates the best typhoon track
provided by the Hong Kong Observatory.

Figure 8. (a) Average of coastal water level (CWL) input, (b) Maximum of CWL input, (c) Difference in average inundation depth of ENS(w1) and ENS(w2) compared
to ENS(w0). (d) Difference in inundation area of ENS(w1) and ENS(w2) compared to ENS(w0).
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4.2. CWL‐Attributed Flood Hazard Profiles

Figures 8c and 8d illustrates the changes in inundation metrics when only the CWL is altered. Across all sce-
narios, the increase in CWL consistently leads to a substantial increase in both D̄inu and Ainu. Under w1 and w2
boundary conditions, D̄inu increases from 1.7 to 4.5 cm (w1) and 2.6 to 8.4 cm (w2), while Ainu expands from 0.9
to 14.7 km2 (w1) and 2.9 to 29 km2 (w2). Changes in Lmax show a more consistent tendency to coincide with
variations in D̄inu and Ainu than changes in L̄. This suggests that under conditions such as typhoon storm surges or
extreme rain, the deepest inundation in coastal or estuarine regions typically occurs during (or approaches) the
Lmax phase, while the L̄ appears insufficient to fully capture the dominant impact of flood or tidal waters during
the most critical periods. Across the 7 typhoon cases under w2, the average increase in D̄inu is 4.4 cm, with Ainu

increasing by 13.2 km2. The largest increases are 8.4 cm in D̄inu and 29 km2 in Āinu (typhoon Hagupit).

Notably, some typhoon cases deviate from this trend. For example, during typhoon Sally, the CWLs under the w1
scenario were much higher than those observed for Neoguri, Usagi, and Mujigae, yet the corresponding Ainu was
smaller than that of the latter three. This phenomenon is likely related to coastal topography or protective
structures, as well as the duration of high CWLs: the longer high CWL persists, the more time low‐lying areas
have to become fully inundated, thereby expanding the inundation area. In gently sloping areas, there is usually a
linear relationship between Lmax and the maximum inundation extent, whereas in areas with steep terrain, in-
creases in CWL may result in little change in the inundation area until a certain threshold is exceeded, at which
point the inundation area can suddenly increase.

4.3. Compound Effect Contribution

In the former two sections, we evaluate the contributions of rainfall and CWL to urban flooding. The findings
indicate that flood response is not the simple additive of the two individual effects. This finding aligns with
previous studies, which also emphasize the compound nature of flood processes (Bilskie & Hagen, 2018; Gori
et al., 2020; Grimley et al., 2025). Therefore, following the analysis of single‐factor impacts, we now proceed to
assess the compound effects of CWL and rainfall on coastal flooding during the 7 typhoons.

Table 3 illustrates the increase in Dinu greater than 27 cm due to compound effects across 7 typhoons. The
compound effect increases the AMHR in every typhoon. The largest increase, 5.4%, is observed during typhoon
Hagupit, whereas the smallest, 0, is observed during typhoon Sally. A consistent pattern of increase with the
single‐factor AMHR is observed: the larger the single‐factor AMHR, the more pronounced the ΔAMHR, and vice
versa. The exacerbating inundation due to the interaction between rainfall and CWL is observed in almost all 7
typhoons, presenting more substantial challenges for urban flood prevention and control. It is noted that to ensure
the compound effect case represents the strongest potential combined impact, the selection described in Sec-
tion 3.6 may result in cases such as typhoon Hagupit, where the spatial pattern ofDcomp is large while the D̄inu and
Ainu are negative (Figures 6c and 6d). A further result is that for grid cells where rainfall in the loS‐hiA scenario
exceeds that in hiS‐loA and Reanalysis, Dcomp can be negative (Figure S12 in Supporting Information S1).

The spatial distribution of Dcomp is shown in Figure 9. Positive values indicate a deeper inundation resulting from
the compound effect, whereas negative values show a reduced inundation depth. A threshold of 1 cm is used to
determine whether the compound effect is notable. It shows that in most typhoon events, the compound effect

Table 3
Increase in the Area of Inundation Greater Than 27 cm Due To Compound Effects

Typhoon Single‐factor (km2) Dual‐factor (km2) Added area (km2) Added percentage

Sally 38.34 38.34 0 0

Utor 64.20 64.91 0.70 1.09%

Neoguri 39.58 39.63 0.05 0.12%

Hagupit 81.31 85.72 4.41 5.42%

Usagi 38.73 38.75 0.02 0.04%

Mujigae 45.71 45.76 0.05 0.11%

Hato 53.73 54.04 0.31 0.57%
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leads to greater Dmax. The most pronounced effects are found along the mainstream of the Maozhou River,
extending into the mid‐reaches. When the overall compound effect is strong, the mid‐reaches are typically more
affected than the downstream areas; this is because downstream inundation is mainly driven by CWL, while
upstream inundation is primarily influenced by rainfall and runoff, and their interaction converges in the mid‐
reaches. In addition, the low‐lying terrain near the mainstream monitoring station of the Maozhou River is
particularly sensitive to the compound effect. Although certain areas near the drainage channels of the Pearl River
Estuary also experience impacts, Dcomp they generally do not exceed 5 cm.

Table 4 provides further details on the area experiencing increases inDinu due to the compound effect: for typhoon
Hagupit, Dcomp is above 1 cm across 35 km2 and above 5 cm across 24 km2, corresponding to 5.5% and 3.8% of
the total area. In other typhoon events, an area of about 5–22 km2 experiences an increase ofDinu above 1 cm, and
0.14–19 km2 experiences an increase of Dinu above 5 cm. Overall, these results highlight the critical role of
compound effects between rainfall and CWL in shaping urban flood profiles under future climate change
scenarios.

5. Discussion
The discussion centers around the changes in typhoon rainfall and coastal
water levels, followed by the regional controls of flood drivers. We then
discuss the uncertainties arising from typhoon characteristics and the down-
scaling approach. Finally, the limitations of this study are outlined.

5.1. Projected Changes and Regional Controls of Flood Drivers

Under climate change, rainfall projections for 7 typhoons from our experi-
ments show opposing trends in the two scenarios: the hiS‐loA scenario in-
creases Rtot by up to 231 mm, while the loA‐hiS scenario decreases it by up to
67 mm (Figures 6a and 6b). For the CWL, increases of about 77.9 and 53.8 cm

Figure 9. Increased inundation depth caused by the compound effect of 7 typhoons. Subpanels (a–g) present results from
individual simulations for each of the 7 typhoons.

Table 4
Compound Effect Depth During 7 Typhoons

Typhoon Area of Dcomp >1 cm (km2) Area of Dcomp >5 cm (km2)

Sally 4.67 0.14

Utor 22.21 19.27

Neoguri 6.11 1.24

Hagupit 35.12 24.08

Usagi 4.68 2.76

Mujigae 10.11 2.33

Hato 17.23 5.03
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are assigned to scenarios w1 and w2 across 7 typhoons (Table 1). Our analysis reveals that changes in flood
drivers (i.e., modified rainfall or CWL) do not yield a proportional change in the resulting hazard metrics
(inundation depth and area). The non‐linear compound flooding effect was also illustrated by the compound flood
research in New York city (Sarhadi et al., 2024). This non‐proportional response underscores the complex in-
teractions inherent in compound flooding systems, reinforcing the necessity of using fully coupled hydrodynamic
models to accurately capture the hazard cascade, as highlighted by recent reviews of Green et al. (2025). By
linking changes in the climate state (PGW) through atmospheric physics (WRF) to local impact (D‐FLOW FM),
our framework addresses the need to balance global‐to‐local models with varying spatial and temporal resolu-
tions, ensuring a physically self‐consistent hazard assessment, particularly in situations of deep uncertainty.

Due to differences in geomorphology and hydrometeorological conditions, the dominant factors driving com-
pound flooding vary across different regions globally (Eilander et al., 2020). To clarify the flood‐generation
characteristics of our study region, we further examined Dinu exceedance area curves (Figure 10). The exceed-
ance area curves highlight that deep inundation in the study region is primarily controlled by CWLs, while rainfall
mainly modulates the extent of shallow flooding. Several abrupt drops in the curves indicate that large parts of the
domain share similar inundation depths. The rightmost x‐axis intersections reflect a small fraction (around 2.5%)
of the area with extremely high inundation depth, which may be associated with reclaimed coastal land that
remains at very low elevation and is therefore highly sensitive to CWLs. Rainfall exerts a more spatially uniform
effect, as seen in typhoon Utor, primarily modifying the depth and extent of shallow inundation.

Beyond topography, however, catchment characteristics such as flashiness, size, and elevation gradient (Harrison
et al., 2021; Hendry et al., 2019), as well as weather systems (Couasnon et al., 2020), differ across regions and
may influence the frequency of compound floods and the dependency on various drivers. Although these factors
were not explicitly analyzed here, acknowledging their potential influence underscores the need for region‐
specific, integrated assessments in future work to better understand how compound flooding varies across
regions.

5.2. Uncertainties From Typhoon Characteristics and Downscaling

Compared to previous studies that typically simulate only 1 to 3 typhoon events (Goulart et al., 2024; Koks
et al., 2023; Wang et al., 2022; Yin et al., 2021), this study simulates 7 typhoons, primarily based on the
availability of PGW simulation data. While the selection was not made by systematically controlling for all storm
attributes, the resulting set of cases nonetheless spans a range of landfall timings, locations, and intensities. This

Figure 10. Exceedance area curve of inundation depth during 7 typhoons under nine experiments. Subpanels (a–g) present
result for each of the 7 typhoons.
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diversity allows for preliminary exploration of how certain storm characteristics may influence compound
flooding under future scenarios. Our results show that typhoon characteristics exert a stronger control on com-
pound flooding intensity than climate change itself. For instance, Hagupit and Hato, both making landfall at
intensity 5 near astronomical high tide (Figure 3), caused much more severe inundation than Usagi and Mujigae,
which also made landfall at intensity 5 but during low tide. Similarly, Neoguri weakened to level 2 before landfall,
leading to a smaller surge effect despite occurring near high tide. These findings align with Hendry et al. (2019),
which also highlighted storm‐specific meteorological features as key drivers of spatial variability in compound
flooding.

In addition to typhoon characteristics, uncertainties also arise from the downscaling of rainfall and CWLs.
Translating global phenomena like climate change to examine their local impacts inevitably involves un-
certainties (Koks et al., 2023). The rainfall input in the future scenarios for inundation calculation in this study is
downscaled by WRF. Even though the meteorological model captures an increase in rainfall in the typhoon‐scale
domain area during hiS‐loA scenarios, the potential spatial mismatches in the rainfall input field will lead to an
unstable rainfall tendency in our research area (Figure 7 and Figures S6–S11 in Supporting Information S1).
Therefore, to capture changes in typhoon‐induced rainfall, the downscaling errors within this study's modeling
framework should be considered. This is also pointed out in the review of Chen et al. (2025) that finding a suitable
resolution for the simulation of hydro‐meteorological processes is still being debated. We conceive that achieving
a balance between fine resolution and uncertainties from downscaling may merit greater attention and application
in future research.

Future CWLs for each typhoon case are generated by adding a climate‐change increment to the historical series.
The extrapolation method used to extend CWL data sets is based on the assumption that the relationship between
Shenzhen ST2 and the tide gauge station holds for all time periods under consideration. Although this increment
considers various tidal components, potential storm surges, and future sea‐level rise, the annual‐scale calculations
are likely to underestimate extreme CWL. Nevertheless, comparison with previous studies (Koks et al., 2023; Qu
et al., 2020) suggests that our scenarios (w1 and w2) fall within the plausible range of 1.5°–2°C warming
projections.

5.3. Limitations

The existing methods for analyzing and modeling compound events are highly diverse, relying on numerous
subjective decisions, such as selecting compounding mechanisms and variables, defining a plausible hazard
scenario, choosing a representative dependence model, and considering suitable temporal and spatial scales
(Zscheischler et al., 2020). Our study provides a potential choice for the Shenzhen area, which is a combination of
selected drivers, scenarios, models, and resolution. Nevertheless, there are still limitations to this study.

Many studies take a more optimistic view of climate change and suggest the world is presently on a lower
emissions trajectory than is often assumed (Hausfather, 2025; Pielke et al., 2022), whereas this study only
considers a high‐impact warming scenario, that is, the SSP5‐8.5. The CWL and rainfall used in this study are
driven by the background under this extreme warming scenario, which may lead to an overestimation of future
flood inundation.

Due to the lack of tide gauge data, the water level treatment might be simplistic. Only data from one gauge was
available to calibrate the GTSM3.0 model output, which could affect the accuracy of the CWL. This aspect could
be improved in future studies by employing Shenzhen's storm surge model to substitute GTSM3.0 interpolation
results with higher‐resolution CWL simulations. The local waterlogging observation during or after typhoons is
also extremely scarce. In this study, the D‐FLOW 1D2D model was calibrated using only one historical typhoon
event, which means that the model parameters may not be fully applicable when transferred to other typhoon
events. For example, urbanization and infrastructure development, as well as hydrological conditions, can vary
over time. However, considering that typhoon‐related flooding is quite extreme, the impact of these variables is
comparatively limited.

Research indicates that human activities can also affect future flood risks and alter inundation patterns in the Pearl
River Delta region (Zhang et al., 2025). Our research does not consider this effect and focuses only on natural
flood drivers. However, the model framework provides the potential ability to incorporate planned infrastructure
changes (e.g., seawalls, drainage improvements) to better estimate future flood risks in Shenzhen in the next steps.
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6. Conclusions and Perspectives
In this study, we quantified the impacts of climate change on typhoon‐induced compound flooding under the
high‐impact SSP5‐8.5 scenario, building upon a PGW‐based storyline approach. By integrating WRF‐modeled
rainfall and GTSM3.0‐modeled coastal water levels (CWLs) into a coupled hydrology‐hydrodynamic model,
we evaluated the typhoon‐induced inundation responses to these two key drivers under climate warming.
Furthermore, our analysis quantified the non‐proportional and combined impacts of rainfall and CWL on flood
hazard profiles. Our main conclusions are:

1. By 2100, CWL rise alone will intensify Shenzhen's typhoon flood hazard more than increased rainfall under
SSP5‐8.5. The change in these drivers does not yield a proportional change in the hazard. Under the hiS‐loA
warming scenario, which is favorable for typhoon intensification, total storm rainfall may increase by up to
230 mm compared to the reanalysis, and maximum hourly rainfall may increase by up to 28 mm. This, in turn,
could lead to an increase in average inundation depth to 1.2 cm and an increase in inundation area to 24.7 km2.
Under the highest CWL signal, w2 scenario, the average CWLmay increase to 1.7 m, the maximum CWLmay
increase to 4.4 m, and the average inundation depth and inundation area may increase by 8.4 cm and 29 km2,
respectively.

2. The compound effects of CWLs and rainfall will exacerbate future typhoon‐induced flooding. Typhoon
Hagupit exhibits the most severe case among the 7 typhoons, while under compound effects, inundation depths
increased by about 5 cm over more than 3.8% of the study area, and the medium‐to‐high risk area, with
inundation depth above 27 cm, expanded by 5.4%.

3. The compound effects will cause deeper and wider flooding mainly in the middle and lower reaches of the
watershed. The most pronounced effects are primarily found along the mainstream of the Maozhou River,
extending into the mid‐reaches.

Finally, we emphasize that the assessment of compound flooding is influenced by specific regional characteristics
(such as topography and climate) and the inherent uncertainties propagated from the downscaling of drivers like
rainfall and CWL. This highlights the need for coupled modeling approaches that can explicitly capture the in-
teractions among the atmosphere, land, and coastal processes, thereby enabling a more physically consistent and
region‐specific evaluation of flood hazards.
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