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SCIENCE FOR SOCIETY Delta cities are vital economic centers globally that are increasingly vulnerable to
flooding from tropical and extratropical cyclones. Rising flood risks in these cities are driven by a combina-
tion of storm surge, river discharge, and precipitation occurring against rising sea levels and land subsi-
dence. When multiple components are compounded, devastating floods can occur, as seen in Shanghai dur-
ing Typhoon Winnie in 1997 and in Houston during Hurricane Harvey in 2017. This study presents a
comprehensive model that integrates all relevant flood factors and their interactions for Shanghai. The inter-
play of storm-surge intensification, land subsidence, and sea-level rise significantly amplifies flood risk over
time. Further, defense failure will lead to increasingly severe consequences (deeper, more extensive floods
combined with poorer drainage), and this needs to be considered when planning adaptation to build flood-
resilient cities.

SUMMARY

Low-lying deltas host some of the world’s fastest-growing cities yet are exposed to floods driven by the com-
pound actions of tide, storm surge, rain, and river flows. Most previous studies of compound floods are par-
tial, while here, we estimate future compound floods in Shanghai for all relevant driving factors. We use a
dynamically linked atmosphere, ocean, and coast model (AOCM) that incorporates all flood drivers, including
sea-level rise (SLR), sea-surface temperature rise, and land subsidence. Simulations forced by baseline con-
ditions and IPCC RCP2.6, -4.5, and -8.5 scenarios show that by 2100, the inundation extent of the 200-year
event could increase by up to 80%, reflecting subsidence (34% [28%-41%]) and climate change (29% [20%-
37%)] due to SLR and 37% [26%-44%] due to more intense tropical storms), respectively. Land subsidence
and SLR create a dangerous “polder effect” if defenses fail, which must be considered in adaptation in
Shanghai and other deltaic cities.

INTRODUCTION deltas are frequently threatened by tropical and extratropical cy-

clones.®® Deltas also experience land subsidence that is often
The world’s low-lying low- and mid-latitude deltas are home to enhanced by human agency, especially in large cities like
about 350 million people with rapidly growing cities and environ-  Shanghai.”® Compound-flood events—floods induced by the
ments that are highly vulnerable to climate change.'™ These combined effects of two or more interacting sources, including
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marine flooding (high tide, storm surge, and waves), fluvial flood-
ing (river discharge), and pluvial flooding (rainfall) —are of partic-
ular concern.®”'® Such compound events can have large social
and economic consequences'® due to their amplified flood
height and inundation extent'* when compared to single-source
floods. A well-known example of a devastating compound-flood
event in Shanghai was Typhoon Winnie in 1997."%"° During this
event, Winnie’s storm-surge peak coincided with extreme river
discharge and heavy precipitation, generating the highest re-
corded water level (WL; 5.99 m at Huangpu Park station; see
Figures S1 and S2 for the location). The compound flood
(Figure S3) killed and injured 248 and 5,412 people around the
Yangtze delta, respectively, damaging more than 2,500 houses
and causing 5.3 billion (1997 US$) losses in Shanghai.'® More
recently, the 2021 Typhoon In-fa compound flood in Shanghai
produced the third-highest WL ever recorded at Huangpu Park
station (5.5 m), with an accumulated rainfall of over 200 mm,
necessitating the emergency evacuation of 1.5 million people
(even while coronavirus isolation laws were in place). These ex-
amples illustrate that compound floods pose a serious hazard to
the populous cities located in the world’s deltas.

Although compound-flood risk is almost certain to increase in
a warming world with rising sea levels®*'*'* and land subsi-
dence,? %" the interaction of the full range of compound-flood
drivers has not often been investigated in detail for deltaic cities.
This knowledge gap reflects the fact that compound flooding is a
complex phenomenon driven by intertwined climatic and non-
climatic forcings.'""®'® Compound-flooding studies to date
typically consider the interaction of two drivers, for example, hy-
drologic and oceanic drivers, such as storm surge with astro-
nomical tides, '® storm surge with extreme waves,'® storm surge
with heavy precipitation,’®?° and storm surge with high river
inflow."""'? This approach ignores important non-climatic com-
ponents (e.g., land subsidence) that are significant in urban delta
environments. Moreover, with some notable exceptions,®'??
such as considering storm surge with sea-level rise (SLR)
or storm surge with land subsidence,'®'” most prior studies do
not consider the overall changing nature of the risk factors as
the environment changes through time. In particular, anthropo-
genically driven climate change affects (1) sea-surface tempera-
ture rise (SSTR),?® which in turn impacts the magnitude and fre-
quency of tropical storms,>*® and (2) SLR,?” which progressively
increases the baseline water elevation on which a flood event is
superimposed —contributing to hydrologic and oceanic drivers
of coastal flooding. These interactions are often compounded
by (3) land surface subsidence (LSS)?® as a non-climatic compo-
nent affecting most rapidly urbanizing deltas,® " especially in
big cities.®** Indeed, subsidence can be a significant factor in
progressively increasing exposure to flooding,® even under a
stable climate.

The large populations and economic importance of the world’s
deltas provide a compelling need for robust assessments of
compound floods and their changing risks,"*® particularly in
the densely populated deltaic cities that widely depend on dikes
for their safety.®*~>* In Shanghai, for instance, a 510 km dike sys-
tem safeguards land largely reclaimed from marshes/tidal flats,
with an average city elevation just above high-tide levels (2-3
m).'®3%35 Many other deltaic cities depend on dikes to keep
them dry and habitable today, such as New Orleans, Rotterdam,
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Amsterdam, and Bangkok.®?"2?3":33 Moreover, there is the risk
of "polder floods," where dikes fail and the flood water cannot
drain from these low-lying areas by gravity.”'** Hence, submer-
gence would persist well beyond the extreme flood event until
the dikes were repaired and the water pumped out, as happened
in New Orleans after Hurricane Katrina.'®*""*® With rising sea
levels and ongoing LSS, dikes need regular raising, but the resid-
ual risk of dike breaching and/or overtopping under extreme
conditions still threatens significant and potentially catastrophic
socio-economic consequences.’®* Therefore, in these low-
lying cities, dike failure acts as a critical threshold—once over-
topped, even moderate storms can become suddenly cata-
strophic.®°*® Here, we explore the “polder effect” that occurs
in subsiding deltaic cities that rely on flood defenses, where
elevation declines relative to the tidal frame so that if floods
occur, the water cannot flow away by gravity afterward. In the
future, continued subsidence combined with climate-induced
changes such as SLR will further exacerbate the polder effect.
Hence, in addition to the joint interactions between coastal,
fluvial, and pluvial flood drivers, the distinct topographical effects
of dikes and their longer-term interactions with climate-driven
(e.g., SSTR and SLR) and non-climatic (e.g., subsidence) drivers
must be considered. Understanding all these complex interac-
tions, including the polder effect, today and how they will evolve
into the future, is key to assessing potential disasters and man-
aging these risks in deltaic cities.

To address this research gap, we couple a fully integrated at-
mosphere, ocean, and coast model (AOCM) with established
dike wave-overtopping models,***52%4° considering scenarios
of all component drivers and their interactions. We focus on
the case of Shanghai in the Yangtze delta, an example of one
of the most populous and vulnerable low-lying deltaic cities in
the world.”' We reproduced the ten historical super-typhoons
that caused Shanghai’s worst flood losses over the past 50 years
(see Figure S1 and Table S1). These provide analogs to project
conditions in 2035, 2050, and 2100 under IPCC RCP2.6, -4.5,
and -8.5 emission pathways*® that consider storm intensifica-
tion, SLR, and LSS. Our results highlight how extensive dike sys-
tems and low-land elevation create a pronounced polder effect,
magnifying flood hazards. We then consider the implications for
other urban areas located on estuaries and deltas by comparing
our findings from Shanghai with a high-level analysis of com-
pound hazards across 40 major estuarine/deltaic cities world-
wide,®%*24% sijtuated in vulnerable regions such as the Mekong,
Chao Phraya, Irrawaddy, and Ganges-Brahmaputra-Meghna
(GBM) deltas.”"

RESULTS

Methods summary

We developed a fully coupled AOCM that integrates all com-
pound-flood drivers (SSTR-enhanced storm surge, tide, river
discharge, precipitation, SLR, and LSS) and their interactions
to project future compound flooding in Shanghai. First, the
ocean model was forced with SLR trajectories and storm-surge
intensification under IPCC RCP2.6, -4.5, and -8.5 scenarios
(Table 1) and run for the 40-year baseline: 1979-2020. The base-
line provided boundary conditions for the coast model, together
with significant wave heights (SWHs) and WLs representing the
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Table 1. The historical, control, and future (2035, 2050, and 2100 scenarios) typhoon-induced compound floods, including drivers and key features

Long-term climate change

Extreme hydrometeorological factors

Anthropogenic factors

Coastal
Group parameters SSTR (°C) SLR (m) Storm strengthening Precipitation River discharge LSS defenses
Real case® 27 0 Typhoon Winnie measured measured 2010 1997
Control cases® 27 0 ten historical measured measured 2010 1998
compound events
Scenario cases®
2035/2050/2100
RCP2.6 mean +0.3/+0.4/+0.8 +0.11/+0.18/+0.42 +3%/+4%/+5% +3%/+5%/+10% +3%/+5%/+10% projected 2035 projected
mean/projected 2035 mean/
2050 mean/ projected
projected 2100 2050 mean/
mean projected
2100 mean
RCP4.5 mean +0.5/+0.8/+1.8 +0.13/+0.2/+0.52 +4%/+6%/+10% +5%/+8%/+15% +5%/+8%/+15%
RCP8.5 mean +0.7/+1.2/+3 +0.16/+0.29/+0.72 +6%/+9%/+18% +7%/+10%/+20% +7%/+10%/+20%
RCP4.5 high +0.9/+1.5/+3.2 +0.19/+0.27/+0.67 +7%/+10%/+19% +9%/+13%/+25% +9%/+13%/+25%
RCP8.5 low +0.5/+0.8/+2 +0.11/+0.18/+0.48 +5%/+7%/+12% +5%/+8%/+15% +5%/+8%/+15%
RCP8.5 high +1.2/+1.8/+4 +0.25/+0.35/+0.92 +9%/+14%/+25% +10%/+15%/+30% +10%/+15%/+30%
Sensitivity test cases®
2100
Test 1 - 0 +25% +30% +30% projected 2100 mean projected
2100 mean
Test 2 - +0.92 0 +30% +30%
Test 3 - +0.92 +25% 0 +30%
Test 4 - +0.92 +25% +30% 0
Test 5 - +0.92 +25% +30% +30% 2010 1998
Test 6 - +0.92 +25% +30% +30% projected 2100 low projected 2100 low
Test7 - +0.92 +25% +30% +30% projected 2100 mean projected 2100 mean
Test 8 - +0.92 +25% +30% +30% projected 2100 high projected 2100 high

aThe real and control cases reproduce the historical typhoon-induced compound flood forced by observations. The real case with the 1997 defenses (dikes/seawall) is used for model validation. The
control case of ten historical typhoons with the 1998 dike/seawall configuration is the reference case, providing the baseline for the design of the future scenarios.
bScenario cases explore the possible exacerbation of flooding in Shanghai in 2035, 2050, and 2100 based on a number of published scenarios, including the IPCC long-term climate scenario of
global SSTR and SLR, extreme hydrometeorological factors of SSTR-enhanced storm strengthening, typhoon-induced precipitation, extreme river discharge, and anthropogenic factors of land and
dike/seawall subsidence, as described in detail in Note S2.
°The sensitivity test cases are designed for sensitivity analysis of non-compound floods, e.g., leaving the components of SLR, storm surge, heavy rainfall, extreme river discharge, and land (dike/
seawall) subsidence out of all compound floods, respectively. The uncertainty of land (dike/seawall) subsidence is tested with low, medium, and high scenarios, as described in detail in Note S2.
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Figure 1. Projection of future compound-flood event evolution in Shanghai

The forecast is based on the 10 super-typhoons shown in Figure S1, with projections for (A) 2050 and (B) 2100 derived from a joint probability analysis®* of water
levels (WLs) and associated significant wave heights (SWHs) at Wusong station (see Figure S2B for the location), using data obtained from a 40-year simulation,
1979-2020. The black scatter points show the hourly WLs-SWHs over the past 40 years, with black dashed lines representing the current estimated recurrence
intervals, which will become more frequently exceeded in the future (as indicated by the colored points and lines). The specific example of Typhoon Winnie and its
future evolution is illustrated, marked with stars. Winnie was the most severe typical compound-flood event experienced by Shanghai in the past four decades.
Detailed parameters used for the control case and future scenarios are provided in Table 1 and the methods.

present-day and future 200-year return levels (Figure 1). Joint
extreme-value analysis (Copula; Note S1) supplied the com-
bined WL and wave scenarios (Figure 1). We then simulated
ten historic super-typhoon tracks comparable to Typhoon
Winnie, varying river discharge and precipitation to define the
range of plausible futures (Figure S1; Table S1). For each track,
the full AOCM was rerun for 2035, 2050, and 2100 using the up-
dated forcing of 200-year return levels, embedding scenario-
specific SLR, storm-strength amplification, and LSS—including
consequent dike-crest lowering (see Table 1 and methods).
The simulations yield inundation extents and exposure metrics
(e.g., people and assets), revealing how a 200-year event esca-
lates over the 215 century under climate- and subsidence-driven
changes.

To compare Shanghai with other deltaic urban centers, we
created a global ranking of compound-flood hazards for
40 significant estuarine/deltaic cities with at least one major
river.’>°>%3 Because detailed terrain and dike-height data are
rarely available worldwide, we derived a simplified, linearized
extreme WL method that captures the combined influence of
the aforementioned six drivers—SSTR-enhanced storm surge,
tide, river discharge, precipitation, SLR, and LSS. For each
city, we evaluated the 200-year return level of every driver and
combined them probabilistically into a dimensionless com-
pound-flood index (CFI), which serves as a proxy for extreme
WL, h(x,t) (see Equation 1 in methods). This unified metric high-
lights inter-delta differences and situates Shanghai’s com-
pound-flood hazard within a consistent global context.

Flood extent of major compound events in Shanghai

by 2100

The analysis projects a significant increase in the flood-prone
zone (FPZ)—which is defined as an inundation depth exceeding

4 One Earth 8, 101489, December 19, 2025

0.3 m (Figure 2). Specifically, our extreme scenario (RCP8.5-
high) projections indicate that the extent of the FPZ will increase
by 1.9% (or 70-108 km?; the numbers in parentheses are the
5%-95% bounds and are the same hereafter) of the urban
area by 2035, 5.3% (or 228-344 km?) by 2050, and 33.7% (or
505-3,138 km?) by 2100, with the precise change depending
on the future climate and non-climate factors. Similarly, the
extent of the high-risk zone (HRZ) within the FPZ—which is
defined as an inundation depth exceeding 1 m—increases by
0.15% (or 3-16 km? of the urban area by 2035, 0.6% (or
8-53 km?) by 2050, and 4.8% (or 9-509 km? by 2100. The
HRZ mainly affects both sides of the Huangpu River and the
southern coastal area north of Hangzhou Bay (Figures 2A-2C
and 2E). Detailed projections of flood extent and depth are pro-
vided in Figures S4-S7.

These floods may have devastating consequences in terms of
future social safety and property damage, especially after 2050,
when the flood-exposed area expands substantially (Figure 3).
The total population of Shanghai in 2010 was 22.4 million
(Figure S8). If the present population growth rate of 1.3% is
assumed to continue,’ the city’s population would reach 30.7
million in 2035, 37.6 million in 2050, and (maybe) 71.6 million in
2100. Under this scenario, approximately 0.06 (0.03-0.15), 0.2
(0.1-0.5), and 15.9 (9.9-39.1) million people will be exposed
within the FPZ and 0.0015 (0.0007-0.003), 0.005 (0.002-0.01),
and 4.3 (2.7-10.6) million will be exposed within the HRZ by
2035, 2050, and 2100, respectively. In the FPZ, industrial areas
are more exposed than residential and business-service areas
(Figure 3), comprising 10 (7-26), 6 (4-15), and 3 (2-7) km? by
2050 and 182 (114-448), 178 (111-436), and 88 (55-216) km?
by 2100, respectively. It is evident that floods along the Huangpu
River are more damaging (exposing 75%-85% of the population
and 55%-75% of properties to the FPZs) than floods on the open
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coastline (Figures 3C-3E and 3G). This is because the population
and business districts are concentrated along the Huangpu River
(Figure S8), which is the largest river in Shanghai presently lack-
ing sluice-gate protection. However, the critical infrastructure
projected to be flooded in the HRZs is located entirely along
the open coast by 2050 and comprises 50%—-65% of losses by
2100 (Figures 3D-3F and 3H). Threatened infrastructure includes
Pudong International Airport and many polluting enterprises
(e.g., the petrochemical industry and wastewater treatment in-
dustry are all located along the coast; Figure S2B), as well as
the Qinshan Nuclear Power Plant, although this has additional
protection that is not assessed in this analysis. Therefore, floods
along the Huangpu River tend to result in large-scale economic
and human losses, while floods on the open coast are less se-
vere but still have important consequences, such as the release
of pollutants.

Influence of climate and non-climate change factors
Evaluating flood events in 2050 and 2100 shows that SSTR in-
creases SWHSs, while rising sea level, higher surges, and river
discharges raise WLs (Figure 1). Overtopping is predicted to
occur when the combined WLs exceed the 4.2 m local dike
height (at Wusong station). Storm-surge WLs increase under
future conditions, with the specific magnitude of the increase de-
pending both on future climate projections and SLR (Figure 1).
For example, joint probabilistic analysis shows that the WL in
Typhoon Winnie was a 1-in-200-year return period level at the
Huangpu River entrance (i.e., at Wusong station), but by 2100,
it is projected to reach a 1-in-1,000-year or even a 1-in-10,000-
year event (in 2020 terms) under the RCP4.5-mean scenario
(0.52 m SLR and 1.8°C SSTR) and the RCP8.5-high scenario
(0.92 m SLR and 4°C SSTR), respectively (Figure 1B). In addition
to increased extreme WLs, the return period of a given WL will be
reduced for each current typhoon category, making extreme
events both more frequent and more severe over the 21%
century.

For pluvial floods, rainfall and runoff are estimated to generate
more than half of the total floodwater volume (Table S2).
However, as rainfall affects the whole city, pluvial runoff
alone mostly tends to cause shallow flooding over large areas
where h < 0.3 m (Figures S4-S6). The main impact of pluvial
flooding, therefore, is exacerbating waterlogging when com-
bined with compound WLs of coastal and/or fluvial overtopping
(Figure S7). The present dike/seawalls and riverbank defenses
start to overtop at numerous low-lying locations under the
mean-high scenarios of RCP4.5 and RCP8.5 by 2050, and
almost all present dikes/seawalls (>90%) and half of the present
riverbank defenses (43%) are ineffective in protecting the urban
area of Shanghai under the RCP8.5-high scenario by 2100
(Figure S7).

In addition to the influence of anthropogenic climate change
factors (i.e., SLR and SSTR), LSS also makes a large contribution
to the increased hazard. LSS in Shanghai has been substantial
since the 1920s, and this is expected to continue, as shown in

One Earth

Note S2. Subsidence influences flooding in two ways: (1) it
lowers riverbank and coastal defenses, making overtopping
more likely (see Figure S7), and (2) it lowers ground levels, mak-
ing floods deeper when they do occur. Sensitivity tests (Table 1)
reveal that the combined influence of climatic (SLR and SSTR)
and non-climatic (LSS) factors significantly amplifies com-
pound-flood hazards, increasing by 4-6.5, 3.5-5, and 3-3.2
times in the late 215 century relative to changes in the single
flood factor of SSTR-enhanced storm strengthening, LSS, and
SLR, respectively (Figures S9-S11; Table S3). This amplification
may vary by approximately 10%-15%, depending on uncer-
tainties across low- to high-impact human intervention scenarios
on land subsidence (Figures S14-516).

SSTR-enhanced storm surge is the strongest driver of
flood risk

According to the results of our extreme scenarios model, com-
pound-flood hazard will be significantly amplified in the late
21% century due to the combined effects of anthropogenic
climate change (SLR and SSTR) and non-climatic processes
(LSS). The combined effects of marine, fluvial, and pluvial mech-
anisms contribute to increases of the extreme floodwater volume
in 2100 by 41% (98-812 M-m®), 36% (220-497 M-m®), and 23%
(86-422 M-m?®), respectively (Table S2). In terms of the relative
importance of each compound driver in contributing to these
floodwater volumes, the long-term changes in SSTR-enhanced
storm strengthening, LSS, and SLR contribute approximately
37% (26%-44%), 34% (28%-41%), and 29% (20%-37%),
respectively. Omitting any of these components leads to sub-
stantial underestimation of both the FPZ and HRZ extents. Omit-
ting one component at a time causes SSTR-enhanced storm
surge underestimates by 75%-85%, LSS underestimates by
71%-81%, SLR underestimates by 67%-68%, river discharge
underestimates by 47%-51%, or precipitation underestimates
by 10%-27% (Figures S9-S13; Table S3).

Our extreme scenarios projections also suggest that, regard-
less of the non-climatic factor LSS, climate-change-enhanced
marine flooding is more challenging under SSTR than SLR by
2100. This is because the recognized FPZ extent forced by future
changes in SSTR (1.8°C-3°C) is projected to increase 1.7-2.0
times under the optimistic emissions scenario RCP4.5 mean
and the high-end emissions scenario RCP8.5 mean, compared
with “only” an increase of 1.1 times forced by SLR (0.52-
0.72 m) under the same two emissions scenarios. Meanwhile,
the corresponding changes in HRZ exhibit increases in extents
of approximately 2.1-2.9 times for SSTR and 1.8-2.5 times for
SLR for the driving factors investigated (see Table S2). Moreover,
our sensitivity analysis also reveals a more profound influence of
SSTR than SLR on extreme non-compound floods by 2100. For
example, excluding SSTR-enhanced storm surge from the
RCP8.5-high scenario reduces the FPZ (or HRZ) extent by
2,310-2,950 (or 340-423) km?, while excluding SLR “only” re-
duces the FPZ (or HRZ) extent by 1,890-2,350 (or 311-382)
km? (Table S3; Figures S9 and S10).

Figure 2. Maximum inundation extent of future extreme compound floods

(A-F) Flood-prone zone (FPZ; depth > 0.3 m) and high-risk zone (HRZ; depth > 1 m) inundation extents for future extreme compound floods (200-year return
period levels) in the years 2035, 2050, and 2100. Boundary conditions and model configurations for the scenarios are listed in Table 1 and the methods. Land use/
coverage is classified into five types: business-service, residence, industry, no buildings, and water area.
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Figure 3. Potential losses in terms of assets and population

(A and B) Expected flood area (note difference in scales) and occurrence probability for the flood-prone zone (FPZ; depth > 0.3 m) and high-risk zone (HRZ;
depth > 1 m) under the effects of anthropogenic climate change, including sea-level rise (SLR) and sea-surface temperature rise (SSTR). The subtle green and
pink shading indicates flood area uncertainty (90% confidence interval) based on SSTR of 0.8°C-4.8°C for the 2100 projection.***°

(C-H) Expected population and assets (note the difference in scales) exposed in the FPZ and HRZ in the years 2035, 2050, and 2100 under future scenarios with
5%-95% bounds based on the probability distribution of SLR and SSTR projections.

One Earth 8, 101489, December 19, 2025 7



Please cite this article in press as: Zhang et al., Growing compound-flood risk, driven by both climate change and land subsidence, challenges flood
risk reduction in major delta cities, One Earth (2025), https://doi.org/10.1016/j.oneear.2025.101489

¢ CelPress One Earth

(legend on next page)

8 One Earth 8, 101489, December 19, 2025



Please cite this article in press as: Zhang et al., Growing compound-flood risk, driven by both climate change and land subsidence, challenges flood
risk reduction in major delta cities, One Earth (2025), https://doi.org/10.1016/j.oneear.2025.101489

One Earth

Implications for major estuarine/deltaic cities across
the globe

Deltas, formed by the deposition of sediment carried by rivers
into the sea, are typically low-lying regions, and in mid- and
low latitudes, they support dense populations, including large
cities, due to their fertile land. Many of the world’s major deltas
are situated at the mouths of large river basins, such as the
Yangtze, Pearl, Mekong, Mississippi, Rhine-Meuse-Scheldt
(RMS), GBM, and Irrawaddy deltas (Figures 4 and 5A). These re-
gions are predominantly within the concentrated influence zone
of active cyclone tracks. Hence, cities in these areas are vulner-
able to compound flooding, which can result from the combina-
tion of storm surge, tides, river floods, and precipitation. Addi-
tionally, these cities are typically built on unconsolidated
sediments and are prone to LSS, exacerbating the impacts of
SLR caused by climate change.

We assessed the compound-flood hazard for 40 major estua-
rine/deltaic cities, home to over 300 million people, and found
that 90% of these cities are located in active tropical and extra-
tropical cyclone-prone regions (Figure 5A). These cities are high-
ly vulnerable to compound coastal, fluvial, and pluvial flooding.
Based on a comprehensive analysis of 200-year return levels
for the aforementioned six flood drivers (Figures S17-5S22), we
ranked these cities by their vulnerability to compound-flood haz-
ards using our CFI metric (Figure 5B). Our findings highlight the
high risk faced by cities such as Yangon, Shanghai, Dhaka,
Ningbo, Karachi, Guangzhou, and New Orleans, as shown in
Figure 4 and in Table S4. Shanghai is ranked number 2, while 7
of the 9 cities (in Table S4) are in the top 11 for high com-
pound-flood risks, as shown in Figure 5B, indicating the impor-
tance of compound events in flooding across deltaic cities.
The results emphasize the urgent need for tailored flood adapta-
tion strategies in high-risk cities. The findings also underscore
the varying levels of risk across global deltaic cities and suggest
that even cities with relatively lower flood risks may face
increased vulnerability due to rising sea levels, land subsidence,
and tropical cyclone intensification. These findings highlight the
importance of strengthening flood resilience in vulnerable urban
centers globally, including through enhanced coastal defenses
and integrated risk management strategies.

DISCUSSION

Deltaic cities are home to hundreds of millions of people and are
critical lynchpins in national and international networks and
economies.’> Meanwhile, deltaic cities worldwide are facing
escalating flood threats driven by storm surges, high river
discharge, and heavy precipitation—all compounded by rising
sea levels and land subsidence.'® Most analyses consider these
different flood drivers independently, ignoring their potential
compounding effects.*!'13:16:18:2024 ¢ research presents a
robust and holistic model, which is a dynamically linked
AOCM, that considers scenarios of all these components and
their interactions. The analysis demonstrates that large com-

¢? CellPress

pound-flood events in Shanghai will grow dramatically over the
next 75 years, threatening most of the city unless defenses are
significantly improved. Subsidence, SLR, and more intense
storms, the latter driven by increasing ocean surface tempera-
tures, are key drivers. Other deltaic cities share similar
geographic and environmental challenges and risks to Shanghai
(Figures 4 and 5). Continued LSS and SLR are creating a
dangerous polder effect in many delta urban centers, making
Shanghai and other, similar urban areas more vulnerable to
future compound floods. Policymakers and urban planners
must advance flood resilience through multi-layered defense
systems and community-based adaptation efforts.

Understanding the drivers of compound floods in
Shanghai

Any flood is dangerous for low-lying delta urban areas, and a
higher compound flood generated by a combination of multi-hy-
drometeorological factors is more dangerous due to the higher
WLs that result."""*"®36 Compound floods already threaten
Shanghai, as shown by Typhoon Winnie and other similar
storms, while Figure 5 suggests that these issues are wide-
spread across deltaic cities. Our model of extreme scenarios
simulation under IPCC RCP2.6-8.5, with probabilistic analysis
based on 40-year compound WLs, reveals that the compound-
flood threat in Shanghai will be substantially amplified over the
21% century due to the enhancement of multi-hydrometeorolog-
ical drivers and slow-onset climatic and non-climatic factors.
This is especially true for large amounts of warming and SLR.
For example, the predicted flood extent for extreme compound
floods under the RCP8.5-high scenario would increase by up
to 80% by the year 2100. The non-climatic factor, LSS, accounts
for about 34% (28%-41%) of this flooding, whereas the climatic
factors, SSTR-enhanced storm strengthening and SLR,
contribute about 66% (46%-81%).

A key finding of our study is that many estuarine/deltaic cities
worldwide have constructed dikes as they have expanded and
often subsided to protect their economically and demographi-
cally significant but low-lying areas.®****° This resulting polder
effect makes deltaic cities highly vulnerable to dike failure, which
in turn increases the impact of compound floods. Shanghai’s
coastline is exposed to ocean hazards on three sides, with Taihu
Lake forming the fourth boundary (Figure S2). As such, the city
comprises a low-lying polder (Figure 4B), like the Netherlands
or New Orleans, where dikes are crucial for keeping the city
dry and habitable.®*%*3*” However, as the city’s dependence
on flood defenses grows, if failure occurs, the resulting flood
depths and damage also increase. Fewer but larger flood events
may be expected as coastal defenses are raised and WLs rise.*”
Although Shanghai is generally well protected by dikes, sea-
walls, and riverbank defenses (Figures 4B and 6B), land subsi-
dence reduces their height and effectiveness over time, '® ampli-
fying flooding as sea levels and wave heights rise. This dynamic
could lead to polder flooding, where floodwaters remain trapped
and the city stays submerged for prolonged periods until the

Figure 4. Typical landscapes of large deltas

(A) Examples of important deltas worldwide and (B-H) the landscapes of selected large deltas with cities located in low- and mid-latitude regions. The low-lying
delta geomorphology is commonly protected by dikes, both on the coast and along the rivers. Climatic and non-climatic drivers, including sea-level rise and land
subsidence, exacerbate the future risk of flooding and dike failure (breaching or overtopping).
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Figure 5. Vulnerability ranking of estuarine/deltaic cities

One Earth

Ranking of 40 selected estuarine/deltaic cities in the world based on their vulnerability to a 200-year compound-flood hazard. Nine of these cities are located in

deltas shown in Figure 4 and Table S4.

(A) Coastal communities influenced by both active cyclone basins and river basins face higher risk of compound floods, with active cyclone basins indicated by
historical global tropical and extratropical cyclone tracks during 1842-2020. Each of the 40 selected estuarine/deltaic cities has at least one major river passing

through.

(B) Estimates of the relative significance of compound-flood hazard (CFl) for each city, using 200-year return levels of six component proxy indices, i.e., storm
surge, tide, precipitation, river discharge, sea-level rise, and land surface subsidence (Figures S17-22). The low, medium, and high compound-flood hazard
classes are defined based on three equal classes (0-0.33, 0.33-0.67, and 0.67-1.0).

dikes are repaired, as seen in New Orleans after Hurricane Ka-
trina.’®*” Additionally, the city’s low and flat deltaic landscape
exacerbates the situation, with Shanghai’s elevation progres-
sively falling below compound-flood levels: by 2100, over 90%
of the urban area would be submerged during extreme floods,
even under the most optimistic emission scenarios (Figure 6C,
denoted by the colored lines on the sea). Another key factor
contributing to the polder effect is the tidal penetration and inter-
actions with the Huangpu River, which flows through Shanghai’s
city center and connects to the Yangtze Estuary and Taihu Lake,
allowing seawater to penetrate deep into the city (Figure 2). At
the same time, river floods from Taihu Lake elevate the WLs in
the river, compromising the city’s drainage network (Figure 6C)

10  One Earth 8, 101489, December 19, 2025

and further amplifying flood risks. Elevated river levels cause
direct flooding and pluvial waterlogging due to heavy rainfall
(Figure S7) while also blocking gravity-driven drainage
(Figure 6C), further intensifying the city’s susceptibility to flood-
ing from multiple compound sources.

The global relevance for cities on deltas

Across 40 major estuarine/deltaic cities, more than 300 million
people are exposed to compound flooding.' Many of these cit-
ies lie within active cyclone belts, increasing the odds that storm
surges, heavy rain, and high river flows coincide (Figure 5A). Us-
ing the CFI metric, we find a broad gradient of vulnerability: even
places that look less exposed today face sharply rising risk once
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Figure 6. Shanghai: A “sinking polder” city threatened by compound flooding
(A) Sketch map of Shanghai, including a north-south profile through the city center and key rivers.
(B) Schematic synthesis of the polder effect representing all marine, fluvial, and pluvial processes, long-term climate change, and subsidence that contribute to

flooding—when overtopping occurs, Shanghai cannot drain naturally.

(C) Overtopping and flood water surface envelope along the profile due to a compound flood projected to the year 2100. Defense heights represent the present

condition degraded by subsidence.

SLR and widespread LSS are included (Figure 5B). The seven
largest global deltas each contain at least one city where com-
pound flooding is already a major hazard (Figure 4; Table S4).
Like Shanghai, these low- to mid-latitude deltas are typically pro-
tected by dikes (Figure 4) and built on soft, recently deposited
sediments, making them both prone to subsidence®®*°*? and
sensitive to SLR.*® While absolute risk varies by site, the same
processes recur across deltas—wet-season high river flows
and cyclone-driven rainfall and surge acting together over low,
defended terrain.> %

To maximize land-use potential, large-scale engineered
coastal defenses are a near-universal feature of these large
deltas, with variable sophistication and standards (Table S4).
This has progressively transformed delta landscapes into pol-
ders. For example, the Mekong, Irrawaddy, and GBM deltas
use simple earthen infrastructure (e.g., earthen dikes and sea-
walls), in contrast to the RMS and the Yangtze (e.g., hard-engi-
neered dikes/seawalls and extensive pump capacity). With
such interventions, deltas have continued to develop and their
populations have expanded, increasing their exposure if flooding

does occur. If the defenses are breached or overtopped, cata-
strophic flooding can occur in the low-lying polder areas they
enclose (Table S4). Examples of such flooding have occurred
both in these deltas and elsewhere, with adverse consequences
including economic damage and/or loss of life (see Note S3).
These events illustrate the potential damage under current con-
ditions, while the Shanghai model shows continued growth of
damage in the future. This indicates the importance of under-
standing and managing flood risk in deltaic cities.

Potential adaptation solutions for compound flooding

As this paper shows, flooding in deltaic cities can be driven by
marine, fluvial, or pluvial sources or, at its worst, their combina-
tion. Climate-induced SLR and enhanced surges, as well as sub-
sidence, progressively exacerbate this situation. An integrated,
multi-layered defense strategy is therefore essential.*%*'** In
Shanghai, coastal flooding dominates, but rising seas increas-
ingly hamper river drainage and amplify fluvial and pluvial flood-
ing during storm surges. Sluice gates on the Huangpu River’s
tributaries already temper this interaction; without them, our
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worst-case 2100 projections show the FPZ and HRZ expanding
by 15% and 53%, respectively (Figure S23). Adding a new
storm-surge barrier at the Huangpu River mouth would nearly
halve FPZs and HRZs city-wide and cut them by more than
90% along the river (Figure S24). These results underscore the
value of sluice gates and surge barriers to mitigate fluvial-
sourced floods by reducing marine-fluvial interactions during
extreme sea level events—a lesson echoed by the Thames
Barrier (London),“® Delta Project and Maeslant Barrier (Rotter-
dam),*® Lake Borgne Surge Barrier (New Orleans),*® and MoSE
(Venice).*’

To address marine flooding, continually raising the elevation of
Shanghai’s dikes/seawalls may be useful in the short term, but in
the long run, it is costly and raises the stakes of catastrophic fail-
ure. %3341 A safer path is a multi-layered defense that pairs en-
gineered structures with nature-based buffers: super-levees,*®
hybrid dikes that embed vegetated foreshores,*® double-dike
systems with accreting salt-marsh interiors,® and—where
feasible —strategic retreat to create wider protective zones.*®
Restored salt marshes both dampen wave energy and can
accrete upwards as sea levels rise and land subsides.® To
address pluvial flooding, the city should expand low-impact
development and sustainable drainage networks, including
dike-controlled retention basins, and embed rigorous flood-risk
mapping in land-use planning—restricting new construction in
HRZs while encouraging flood-proofing in FPZs. Across all haz-
ards, timely warnings and community-based preparedness pro-
grams are essential (Table S5). Piloting these integrated mea-
sures now will clarify their practical performance and, together
with a firm grasp of compound climatic and non-climatic drivers,
help secure Shanghai—and other delta megacities—through the
21 century.

METHODS

Coupled numerical modeling system
To quantify the impacts of typhoon-induced compound floods
(e.g., multi-hydrometeorological factors, such as storm surge,
extreme river discharge, and heavy precipitation) on urban areas
within large deltas, we developed a three-set coupled modeling
system (AOCM; see supplemental methods) to consider long-
term global changes and to transfer regional extreme atmo-
spheric and sea states to local compound-flood predictions.
This downscaling procedure allows the effect of long-term
climate change (e.g., SLR and SSTR) and anthropogenic im-
pacts (e.g., LSS, including the impacts on both ground elevation
and dike height) on urban flood prediction to be directly as-
sessed by considering the key physical processes governing
air-sea interactions®® and ocean-coast engagement.'® The nov-
elty of the methodology is its unique coupling scheme that facil-
itates the refinement of modeling to a reasonable spatial resolu-
tion with high computational efficiency.'-*¢:°°

In these coupled models, data from each upper-level model
are interpolated in space and time to provide boundary arrays
for the next-level model (see supplemental methods). Interac-
tions are returned to the upper-level model as feedback, where
applicable.”® The coupling scheme comprises three externally
linked models (loose coupling) and two internally nested models
(intense coupling). For the loose coupling, the cascade proced-
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ure is based on a one-way coupling in which the atmosphere
model’s outputs (precipitation, wind, and pressure) are treated
as inputs to the ocean (see | in Figure S31 of supplemental
methods) and coast (Il in Figure S31 of supplemental methods)
models and a two-way coupling in which the ocean and coast
models are bidirectionally coupled; thus, the water can flow
freely between them (lll and IV in Figure S31 of supplemental
methods). To achieve this, the WL, consisting of the tide, surge,
and wave signals, is spatially aligned with coastal dikes subject
to overtopping and temporally interpolated and fed into the coast
model at each computational time step. For the intense coupling,
both storm waves and tidal currents in the ocean model (V in
Figure S31 of supplemental methods) and river discharge and
tide propagation in the coast model (VI in Figure S31 of
supplemental methods) are dynamically and directly coupled
through the processes of wave-current interactions*® and back-
water effects,®’ respectively. Any resulting dike overtopping
flows are formulated as weir flows.*°

Next, we use all the models mentioned above for two distinct
purposes: (1) hindcasting the historical flood of Typhoon Winnie
(no. 9711) and (2) forecasting the reoccurrence of ten historically
typical compound events similar to and including Winnie (i.e.,
4906: “Gloria”; 5612: “Wanda”; 6207: “Nora”; 7708: “Babe”;
7910: “Judy”; 8114, “Agnes”; 8913: “Kenlora”; 9711: “Winnie”;
0012: “Prapiroon”; and 0509: “Matsa”; see Table S1) under six
(to the years 2035, 2050, and 2100) SLR and SSTR scenarios
(Table 1). The ten historically extreme compound events, with
the same or similar compound factors and component inten-
sities as Typhoon Winnie, are modeled in order to demonstrate
the universality of Typhoon Winnie-like compound flooding. All
scenario models are run with the same configuration as the con-
trol cases, i.e., the observed ten historical typhoon cases, but
with 1998 new dikes/seawalls and riverbank defenses
(Figure S25B) and with different forcings corresponding to the
evolution of ten historical typhoons in 2035, 2050, and 2100,
summarized in Table 1. Finally, the real case (which reproduces
the flood generated by Typhoon Winnie on August 18, 1997
[Figure S25A], but with the 1997 coastal defense configuration)
is used for model calibration and validation (see Figures S25-
S27). The difference between the real and control cases reflects
the point that all the coastal defenses in Shanghai were
enhanced in a major upgrade in 1998 in response to the Winnie
disaster.'®%°

In addition to the control case, which serves as a baseline for
reference, the future (to the years 2035, 2050, and 2100) sce-
narios consider the impacts of anthropogenic land-dike subsi-
dence and climate-driven processes under low- (RCP2.6
mean), medium- (RCP4.5 mean), and high- (RCP8.5 mean) inten-
sity climate change forcings, following the best estimate of the
IPCC Fifth Assessment Report“ and the projected northwestern
pacific typhoon intensity®® (Table 1). To investigate the relative
importance of SLR and SSTR to future amplified floods, flood
areas were tested based on RCP8.5-high scenarios by fixing
SLR and increasing or decreasing typhoon intensity for the
high and low bound limits of typhoon peak intensity,>* and vice
versa. The scenario of RCP8.5 high, representing extreme floods
using the RCP8.5 high bound limit of SLR and SSTR, is designed
to investigate the full range of possible compound floods
(Table 1). The SLR range of 0.42-0.92 m covers the 85%
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confidence interval range, and the SSTR range of 0.8°C-4.8°C
covers the 90% confidence interval range in 2100, based on
the beta probability density function.**>* A significance-level
analysis of non-compound floods where each factor (SLR, storm
surge, precipitation, river discharge, and LSS) is left out is also
performed to assess the relative importance of each compound
component in isolation (tests 1-5 in Table 1). Further details
about the future scenario explanations are provided in Note S2.

For each scenario, the ocean model is run for 40 years (1979-
2020) using the updated forcing shown in Table 1. Then, the re-
sults are fed into the coast model with different combinations of
SWHs and WLs, with the occurrence probability of future
200-year return period levels (see the stationarity and non-statio-
narity extreme value analysis using the joint Copula probability
calculation in Note S1 and Zhang et al.*) allowing for the assess-
ment of the future evolution of the present-day 200-year return
period flood due to global changes. Then, the modeled flood
hazard is defined by the measurement of surface ponding depth
(h), where the FPZ is set to h > 0.3 m, according to FEMA’s
(Federal Emergency Management Agency of the US) identifica-
tion of flood hazard zones (www.fema.gov, accessed on
February 15, 2022).

Within the FPZ, we set the boundary of the HRZ ath > 1 m, ac-
cording to the physical and psychological limitations of human
beings in flood situations.®* Finally, the identified FPZs and
HRZs are used to evaluate the exposure of property and popula-
tion at risk based on datasets provided by the National Bureau of
Statistics (http://www.stats.gov.cn/, accessed on April 12,
2021). Properties and populations located in the FPZs are
considered to be vulnerable to floods, and those exposed to
HRZs are considered to be at high risk. The uncertainty of flood
risks in FPZs and HRZs can be calculated by combining the
appropriate probability distributions of SLR and SSTR, as these
are two of the basic model input parameters reflecting global
climate changes (Figures 3A and 3B).

CFl assessment model

We developed a global ranking of compound-flood hazards for
40 major estuarine/deltaic cities, focusing on inter-delta differ-
ences using a linearized assessment method. In the future (f)
and at a given location (x), extreme WLs associated with com-
pound flooding can be expressed by a function of the form

h(X,t) = ﬂ1}’(X7t) +ﬂ2’7(xv t) +ﬂSQ(X7t) +ﬂ4§(x7 t)
+PBsa(x,t) + Pee(x, 1),

where y is SSTR-enhanced storm surge, 7 is tide, Q is precipita-
tion-induced runoff, & is river discharge, a is SLR, and ¢ is LSS,
describing the contribution of each flooding driver to the extreme
WLs. Using a consistent set of hydrometeorological data, storm
surges are estimated in proportion to cyclone wind speed
squared (y « U?),* while runoff Q is estimated using the Soil Con-
servation Service curve number model from accumulated rainfall
P assuming dry antecedent moisture conditions (Q « P).>® Hy-
draulic geometry relations determine flow depth depending on
flow discharge at river cross-sections (¢ « log Q).°° The global
hazard data rely on long-term IBTrACS_v04 storm track data-
base records since 1842 (www.ncdc.noaa.gov/ibtracs, ac-
cessed on April 12, 2021), high-quality Permanent Service for

(Equation 1)
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Mean Sea Level (PSMSL) observations,” hydrological station
flow records since 1948,° long-term reanalysis cumulative daily
precipitation data (www.pcmdi.linl.gov/CMIP6, accessed on
April 12, 2021), and published global land subsidence data.’®
For harmonic tidal range analysis, we used the MATLAB
T_Tide package with 28 constituents, which effectively removes
stochastic MSL influence.

Using a linearized hypothesis, we develop a dimensionless CFl
as a proxy for extreme WL, h(x,t), that links the aforementioned
six parameters in a probabilistic way. The effects of each input
parameter (here assumed to be statistically independent) incor-
porate the uncertainties of metrics by appropriate probability dis-
tributions with the at-site, T-year (a hazard with 1/T chance of be-
ing exceeded in any given year) return level. An appropriate
probability law was selected to elaborate the uncertainties of
each input parameter in the extreme WL equation h(x,t) from a
pool of four marginal distributions, namely the normal distribu-
tion, exponential distribution, Weibull distribution, and the gener-
alized extreme value (GEV) distribution. A goodness-of-fit test
comparing empirical and theoretical non-exceedance probabili-
ties using the root-mean-square error was applied to identify the
best-fitting function.®® The weighting coefficient (8,), _ 4 ¢ for FPZ
and HRZ is derived from the Shanghai study. We focus on the
200-year return levels of each input parameter to ensure consis-
tency, where the return level corresponds to the inverse of the
yearly exceedance probability (see Figures S17-S22). Finally,
the CFl is categorized into three hazard levels—Ilow, medium,
and high—based on the compounded flood hazards.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to the lead
contact, Zhijun Dai (zjdai@sklec.ecnu.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability

The long-term IBTrACS_v04 storm track database, covering records since
1842, is available at www.ncdc.noaa.gov/ibtracs. Long-term reanalysis cumu-
lative daily precipitation data can be accessed at www.pcmdi.linl.gov/CMIP6.
Harmonic tidal analysis was performed using the MATLAB T_Tide package.
Navigation charts for the lower reach of the Yangtze River were obtained
from the Changjiang Waterway Bureau, Ministry of Communications of China,
and are available at www.cjhdj.com.cn. Bathymetric data for the continental
shelf area were sourced from the GEBCO database, accessible at https://
www.gebco.net/. The digital terrain model (DTM) was constructed based on
LiDAR aerial photogrammetry and field measurements, integrating RTK mea-
surements with topographic map data from the Shanghai Institute of Surveying
and Mapping, available at https://www.webmap.cn/. Dike/seawall heights, as
well as the distribution and structure of sluice gates, were collected through
field measurements conducted in 2019. Data on the urban river network, river-
bank elevations, and river profiles were provided by the Shanghai Municipal
Water Affairs Bureau and the Shanghai Municipal Flood Control Center and
can be accessed at https://swj.sh.gov.cn/. The urban flooding model was
developed using DHI MIKE software 2016, under a license granted by
Shanghai Normal University.
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