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Abstract Sea level rise (SLR) and subsidence are expected to increase the risk of flooding and reliance
on flood defenses for cities built on deltas. Here, we combine reliability analysis with hydrodynamic
modeling to quantify the effect of projected relative SLR on dike failures and flood hazards for Shanghai, one
of the most exposed delta cities. We find that flood inundation is likely to occur in low‐lying and poorly
protected periurban/rural areas of the city even under the present‐day sea level. However, without
adaptation measures, the risk increases by a factor of 3–160 across the densely populated floodplain under
projected SLR to 2100. Impacts of frequent flood events are predicted to be more affected by SLR than
those with longer return periods. Our results imply that including reliability‐based dike failures in flood
simulations enables more credible flood risk assessment for global delta cities where conventional methods
have assumed either overtopping only or complete failure.

Plain Language Summary Sea level rise is expected to exacerbate dike failures and flood hazards
in sinking delta cites. With the case in Shanghai, we demonstrate that flood risks in many delta cities
globally could be better understood, as most flood risk modeling exercises assumed either complete dike
failure or overtopping only but neglected the interaction between dike reliability, land subsidence, and flood
risks, thereby likely either overestimating or underestimating future risks. The transferrable framework
presented herein contributes to more robust risk assessments for other global delta cities facing significant
relative sea level rise and flooding challenges.

1. Introduction

Flooding is among the most common and devastating natural hazards, accounting for approximately one
third of all global disaster losses and over half of total casualties (Douben, 2006). The containment of floods
has evolved with the development of human settlement since 7,000 years ago, especially in low‐lying delta
areas (Giosan et al., 2014; Nienhuis et al., 2020; Tessler et al., 2015). Delta cities are high‐density agglomera-
tions of population and assets that are particularly susceptible to flooding from various sources (i.e., pluvial,
fluvial, coastal, and groundwater). Over recent decades, storm‐induced flood catastrophes appear to be hap-
pening more frequently and are raising concern among vulnerable populations in major, flood‐prone delta
cities. For example, flooding of New Orleans due to Hurricane Katrina (2005) caused 1,833 fatalities and
more than $125 billion in losses, making it the costliest cyclone in history (Kates et al., 2006). A more recent
calamity was associated with Typhoon Hato in 2017, which led to almost one third of Macau (on the Pearl
River Delta) to be heavily flooded with 10 deaths, 244 injuries, and $7.8 billion damages. Flood exposures
and risks in delta cities are projected to increase in a changing environment, if no actions are taken
(Hallegatte et al., 2013; Hanson et al., 2011; Jongman et al., 2012; Winsemius et al., 2016).

Climate change in combination with rapid urbanization are key drivers of an intensified hydrologic regime
and enhanced flood risk (Hinkel et al., 2014; IPCC, 2013, 2014; Zhang et al., 2018). Sea level rise (SLR)
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amplifies coastal flood hazards by raising baseline water levels for a tidal wave to build upon (Arns
et al., 2017; Li et al., 2018; Woodruff et al., 2013). Moreover, nonclimatic local processes, such as land sub-
sidence caused by tectonics, natural sediment compaction, and aquifer dewatering, play another important
role in exacerbating flood risk in deltaic zones by contributing to the rate of relative SLR (Brown &
Nicholls, 2015; Dixon et al., 2006; Ericson et al., 2006; Miller et al., 2013; Minderhoud et al., 2019;
Törnqvist et al., 2008). According to remotely sensed geodetic measurements, the majority of the world's
large deltas are sinking more rapidly than geocentric sea level is rising, due to reduced aggradation and/or
accelerated compaction (Shirzaei & Bürgmann, 2018; Syvitski et al., 2009). Upstream trapping of sediments
by dams reduces the volume deposited on deltas, which in turn slows the growth of the deltas and accelerates
coastal erosion (Hoitink et al., 2020; Nienhuis et al., 2018). Expanding human footprints on deltas through
residential occupation and coastal development further increases exposure to flooding. The net effect of
these processes is evident in New Orleans and Shanghai, where levels have subsided by more than 3 m since
the middle to late nineteenth century, mainly due to excessive groundwater extraction and large‐scale con-
struction (Dixon, 2008; Gong & Yang, 2008).

In response, human society has been seeking to defend delta plains from flooding for a long time (Dawson
et al., 2011). Physical engineering measures, such as barriers and dikes, are often seen as a cost‐effective way
of protecting densely populated deltaic settlements (Jongman, 2018; Ward et al., 2017). Wealthier delta cities
that experience frequent flood hazards are usually better protected to higher standards (Xian et al., 2018).
For instance, major cities in Dutch Delta are protected with a series of dikes and storm surge barriers (the
“DeltaWorks”) to a standard of the 1 in 10,000‐year flood event. Such measures have proved to be successful
but depend on a high level of routine maintenance (Yin et al., 2015). While providing protection against low
probability floods, artificial dikes may fail due to a combination of high water loading, wave attack, and/or
long flood duration (Vorogushyn et al., 2010). Dike failure can also occur as a result of long‐term structure
deformation, the magnitude of which can bemuch greater than hinterland subsidence in delta cities, such as
New Orleans and Shanghai (Dixon et al., 2006; Yin et al., 2019). Among various failure mechanisms, dike
breach or flow over the crest of dikes are the two major modes causing significant hinterland inundation
and damages. Hence, it is crucial to understand the functional failures of flood protection structures and
the resultant flood potentials in deltaic flood risk management.

Considerable progresses have been made in the assessment of dike reliability and flood hazards. Various
limit state equations can be used to analyze specific failure mechanisms (e.g., overtopping, breaching, pip-
ing, erosion, and slope instability) in coastal and/or fluvial dike systems (Curran et al., 2018; Naulin
et al., 2015). The probability of dike failure can be described in a “reliability analysis” as a function of hydrau-
lic loading variables (e.g., water level and/or duration) by 1‐D fragility curves and/or 2‐D fragility surfaces
(Apel et al., 2004; Dawson et al., 2005; Hall et al., 2003; Vorogushyn et al., 2009). More recently, reliability
analysis has been coupled with 1‐D and/or 2‐D hydraulic models for the purpose of inundation mapping
and flood hazard assessment. For example, the Inundation Hazard Assessment Model, which comprises
an unsteady 1‐D hydrodynamic model for river channel routing, a probabilistic dike breach model for relia-
bility analysis, and a 2‐D raster‐based inundationmodel, was developed for the simulation of floodplain flow
in the case of dike failures (Vorogushyn et al., 2010). Nevertheless, there are two main limitations to the
existing studies. First, SLR and land subsidence (including structure deformation) have not been adequately
considered when quantifying dike failure‐induced flood hazards for delta cities. Second, a simplifying
assumption is often made that the protection standard equals the probability of flooding, which does not
consider the actual state of the defenses, hence introducing uncertainties and bias in themodeled flood inun-
dation patterns (Jonkman, 2013).

To address these research gaps, an interdisciplinary process‐based approach is developed for more robust
estimation of dike reliability and associated flood hazards under the effect of relative SLR (both SLR and ver-
tical land movements) for deltaic cities. The hybrid methodology is applied to the metropolitan region of
Shanghai, which is one of the most exposed delta cities to flooding globally and hence completely relies
on protection from the dike system. Specifically, interferometric synthetic aperture radar (InSAR) measure-
ments are utilized to obtain detailed subsidence rates of the coastal dike system. We combine state‐of‐the‐art
projections of relative SLR and advanced structural failure models to explicitly determine potential flood
defense overtopping and/or breach locations along the coast and river. We then apply a fine‐resolution
hydrodynamic model to derive evolving flood inundation caused by the compound effects of dike breach
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and overtopping by the end of the 21st century. As far as we are aware, this is the first attempt to comprehen-
sively assess the combined impacts of long term SLR and land subsidence on dike failures and resultant flood
hazards for large‐scale delta cities protected by flood defenses. With the case study in Shanghai, we demon-
strate that flood risks in many delta cities globally could be better understood, as most flood risk modeling
exercises assumed either complete dike failure or overtopping only, but neglected the interaction between
dike reliability, land subsidence and flood risks, thereby likely either overestimating or underestimating
future risks. The transferrable framework presented herein contributes to more robust risk assessments
for other global delta cities facing significant relative SLR and flooding challenges.

2. Methods
2.1. Seawall Deformation Prediction

We apply a Differential Synthetic Aperture Radar Interferometry (DInSAR)‐based geotechnical model
developed by Pepe et al. (2016), Yin et al. (2019), and Zhao et al. (2015) to predict the cumulative deformation
of seawall (i.e., sea dike) along the Shanghai coastline. First, we use multitemporal and multisatellite syn-
thetic aperture radar (SAR) images to retrieve the seawall deformation history and rates in Shanghai. The
first data set consisted of 35 SAR images, acquired by the C‐band ENVISAT ASAR sensor on the ascending
orbits from 26 February 2007 to 13 September 2010. And the second data set comprises 33 SAR images,
acquired by the C‐band Sentinel1‐A sensor with ascending passes from 1 August 2015 to 17 February
2019. All available SAR data are processed with the small baseline subset (SBAS) technique, which is a
well‐established advanced time series DInSAR algorithm (Berardino et al., 2002; Lanari et al., 2007). The
approach has been validated through the cross comparison between the leveling and the SBAS measure-
ments of seawall subsidence during the same time period (Zhao et al., 2015). A time‐dependent geotechnical
centrifuge model (Yang et al., 2008), which was established for Shanghai based on laboratory tests, has indi-
cated that dike deformation due to self‐weight consolidation is a nonlinear process that could last for dec-
ades. We then adopt the satellite DInSAR‐based measurements to constrain the laboratory‐derived
geotechnical model. Hence, the DInSAR‐based geotechnical model enables exploration of the temporal evo-
lution of the asymptotic seawall deformation. This is theoretically calculated over a time period from the
baseline 2010 to the end of the consolidation phase (2050) (Figure S1 in the supporting information).

2.2. Seawall Reliability Analysis

We investigate the geometry of typical seawall structures and assume that wave overtopping is the main fail-
ure mechanism for potential sea dike breaching in Shanghai. In theory, wave overtopping can be described
by a limit state function, in which the “load” is the actual wave overtopping rate. The “strength” is a critical
rate for erosion of the landward slope of the dike. The reliability function is expressed by

Z ¼ qadm − q (1)

where Z is the limit state, qadm is the admissible wave overtopping rate (L/m/s), and q is the actual
wave overtopping rate (L/m/s). The actual overtopping rate is calculated through an empirical overtop-
ping function for sea dikes with crown walls recommended by Chinese Guideline of Sea Dike Design
(GB/T 51015‐2014):
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where KA is the influence factor for roughness on the slope, and this value is suggested as 1.0, 0.49, 0.4, and
0.5 followed by the material of revetment made by concrete slab, riprap, dolos, and hollow square, respec-
tively; Hs is the significant wave height (m) at the toe of the structure; d is the water depth (m) at the toe
of the structure; g is the gravity acceleration (m/s2); Tp is the peak period (s); tanα is the outer slop angle;
Rc is the crest freeboard (m); b1 is the distance from the crown wall on the crest to the seaward (m); and B
is an empirical factor; this value is suggested as 0.6, 0.25, and 0.38 when the value of tanα is 1/1.5, 1/2,
and 1/3, respectively. The wave data (Hs and Tp) were retrieved from a modeling repository with hourly out-
put interval for 1960–2018 (Figure S2). This wave modeling system is built on the unstructured grid SWAN
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model (Ge et al., 2013), which is driven by National Centers for Environmental Prediction reanalysis wind
data from 1960 to 1979 and European Centre for Medium‐Range Weather Forecasts Re‐Analysis‐Interim
data from 1980 to 2018.

We assume that all seawalls are well maintained, at the first layer of revetment, with (good quality) grass on
the dike inner slope, and geobags are filled with clay and covered by plastic bags as the second layer under-
neath the grass (see typical cross section of Shanghai seawall in Figure S3). The admissible overtopping rate
is defined based on different revetment materials placed on the inner slop of the dike according to Chinese
Guideline of Sea Dike Design (GB/T 51015‐2014). Accordingly, it is assumed that the grass cover will be
damaged/eroded during an overtopping discharge rate of more than 10 l/m/s (EurOtop, 2016). When this
wave overtopping occurs, it possibly causes structural failure and further leads to potential seawall breach-
ing. In this study, we determine the location and width of seawall breaches along the coast of Shanghai using
the recommended values for wave overtopping threshold (~20 l/m/s), which are derived from a large num-
ber of wave flume experiments (Zhang et al., 2017) and proposed by the National Guidelines of Marine
Disaster Risk Assessment for the evaluation and anticipation of dike failures in China.

2.3. Floodwall Reliability Analysis

Overtopping/overflowing is considered as the most common failure mode for the floodwall (i.e., river dike)
along Huangpu River. Other failure mechanisms, such as instability due to sliding and failure due to seepage
under the walls, could also be relevant. However, given the configuration of floodwalls and soil structure
in Shanghai, these mechanisms are considered less likely (Wang, 2016). It is assumed that all floodwalls
along Huangpu River behave as L walls with enough self‐weight or sufficient pile capacity to resist mono-
lithic sliding or overturning, leaving only concrete fracture and rebar bending as the possible failure
mechanism. For the existing I walls (cantilever walls), we assume that the ground on the dry side of the wall
is paved with concrete or asphalt, so that overflow scour is not a possible failure mode. In order to calculate
overflow/overtopping volume, the proposed equations are defined as

Z ¼ qc − q (3)

when

z0 ≤ zc − Δl; q ¼ mos ·
ffiffiffiffiffiffiffiffiffiffiffiffi
g Hð Þ3

q
· exp −3

zc − Δl − z0ð Þ
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where Z is the limit state, qc is the critical discharge (L/m/s), q is the average overflow/overtopping discharge
(L/m/s),H is the significant wave height (up to ~0.7 m), zc is the crest level (m), z0 is the local water level (m),
Δl is the land subsidence (m), g is the gravitational acceleration (9.81 m/s2),mos is the model factor overtop-
ping ∼log N (0.34, 0.092),mol is the model factor flow ∼N (1.1, 0.3), and N represents the normal (Gaussian)
function with the values in parenthesis representing the mean and standard deviation. Based on a similar
case of flood defenses in New Orleans, a deterministic value of 10 l/m/s is used as the critical threshold
for this case (EurOtop, 2016).

Another predominant failure type, the collapse of floodwall caused by high water pressure is further speci-
fied along Huangpu River. A typical pattern of structure strength failure for floodwall can be defined as the
moment when steel rebar in the concrete rupture under the load of extraordinary water level (Figure S4). In
light of this, the simple form of a reliability function can be described as follows:

Z ¼ Mr −Ml (6)

where Z is the limit state, Mr is the resistant moment (N · m), and Ml is the moment loading on the wall
(N ·m). Mr can further be represented by variables related to floodwall structure, and Ml can also be
expressed using several parameters of water loading.
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Mr ¼
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(7)

Ml ¼ 1
6
ρωg z0 − zl − Δlð Þ½ �3 (8)

where As is the actual steel cross‐sectional area used in the floodwall (mm2), qw is the water density
(1,000 kg/m3), g is gravitational acceleration (9.81 m/s2), z0 is the water level (m), zl is the ground level
(m), Δl is the land subsidence (m), fy is the tensile strength of steel (N/mm2), and hwall is the thickness of
the floodwall (mm).

2.4. Flood Inundation Modeling

We use a simplified 2‐D flood inundation model (FloodMap‐Inertial) to simulate dike failure‐induced flood-
ing and to derive inundation maps. The model assumes that the coastal/river floodplain is protected by a
continuous, broad‐crested embankment through which water flow exchange occurs between the
sea/channel and hinterland. A simplified solution has been adopted in the model for the treatment of over-
land flood routing in a raster‐based environment. This solves the 2‐D shallow water equations using a com-
putationally efficient inertial algorithm (Bates et al., 2010), with the Forward Courant‐Freidrich‐Levy
Condition approach to the calculation of the time steps. A full description of the model structure and para-
meterization can be found in Yu and Lane (2011). FloodMap‐Inertial, as well as its earlier diffusion‐based
version (FloodMap) (Yu & Lane, 2006), have been tested and implemented in fluvial, pluvial, and coastal
environments in Shanghai (Yin et al., 2013, 2015, 2019), achieving a good level of performance for flood pre-
diction. A recent validation study (Yin et al., 2016), comparing model output against observed inundation in
New York City, further indicated that the city‐scale and street‐level modeling framework similar to that used
here is capable of high predictive skill for inland flooding.

Floodplain topography and flow boundary conditions are used as inputs to drive the flood modeling. A
city‐wide digital elevation model (DEM) constructed from 0.5‐m interval contour lines is available, with a
horizontal resolution of 50 m and a vertical accuracy of 0.1–0.2 m. Moreover, a finer‐resolution (5 m) DEM
of the financial center, Lujiazui, generated by Shanghai Municipal Institute of Surveying andMapping using
photogrammetric technology, is employed for street‐level inundationmodeling. The potential breaching seg-
ments identified in the reliability analysis are completely removed, while the remainder of the dike system
remains the same. The heights of remaining flood defenses under the current and future situations are then
overlaid onto the original “bare earth” DEMs. Still water levels with various return periods along the coast
and Huangpu River are obtained through linear interpolation from station‐based flood probability analysis
conducted by ShanghaiWater Authority in the last decade (Table S1 and Figures S2g–S2i). It should be noted
that flood probability, particularly for high return periods (e.g. 1,000‐year), could be highly uncertain with
limited length (decades to a century) of still water observations (Figure S5). Assuming tidal cycles remain
constant, dynamic boundary conditions (time series of water levels) are generated for 10‐, 100‐, and
1,000‐year flood scenarios, by proportionally scaling the stage hydrographs recorded at the boundary gauge
stations during TyphoonWinnie (theworst case in history). To account for plausible increases in sea level, we
combine the current level of flood frequency with relative SLR projections, enabling future flood scenarios to
be formulated. Considering the semidiurnal nature of the tide, a 2‐day (48 hr) tidal cycle including four rising
phases and four falling limbs is applied in the flood simulations. An empirically based, relatively high flood-
plain roughness coefficient (Manning's n¼ 0.06) is used in the modeling to represent the effect of urban fea-
tures (e.g., buildings) on overland flood routing.

3. Results
3.1. Relative SLR Projections

Sea level change varies regionally to a significant degree, primarily due to local contributing factors such as
vertical land movements, changes in oceanic currents, variations in atmospheric pressure, and static equi-
librium processes. A global data set from Kopp et al. (2014) provides the probabilistic, localized SLR projec-
tions at Lvsi gauge station located in Yangtze River Delta, under three Representative Concentration
Pathways (RCP 2.6, RCP 4.5, and RCP 8.5). The projections take into account the key contributing compo-
nents of sea level rise, including ice sheet melting, glacier and ice cap melting, oceanographic processes
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(e.g., thermal expansion of ocean water), land water storage, and non-
climatic local effects such as glacial isostatic adjustment and subsi-
dence. Site‐to‐site differences in local SLR projections are
fundamentally dependent on varying nonclimatic land subsidence.
Hence, the relative SLR in the present study are estimated by incor-
porating the climatically driven absolute SLR decomposed from the
projections at Lvsi station and the linear approximation of future sub-
sidence rate (6 ± 1 mm/year) in Shanghai (Yin et al., 2013). The latter
is based on city‐wide leveling measurements since 2000 and the
long‐term target of subsidence control. All relative sea level projec-
tions by 2100 are given with respect to the baseline year of 2010.

The local or relative SLR projections for Shanghai are presented in
Figure 1. Projected local sea levels and associated uncertainty ranges
rise progressively through the 21st century under the climatic and
anthropogenic forcing. The projections show a markedly higher rise
and substantially wider range in local sea level than the more conser-
vative estimates of the State Oceanic Administration derived from
trend extrapolation of long‐term tide gauge records (State Oceanic
Administration People's Republic of China, 2016). By 2030, all three
pathways could have a median (50th percentile) rise of 21–22 cm in
relative sea level. By the year 2050, the median relative SLR is pro-
jected to be 45 cm under RCP2.6 and 50 cm under RCP8.5, with nearly

equal contributions from both climatic and nonclimatic (subsidence) factors. We found that the effect of
climatic forcing on relative SLR exceeds the local effect of background subsidence in the late 21st century.
Due to growing contributions of atmospheric and ocean warming to SLR, differences among the three
emission scenarios become more pronounced toward the end of the century, with local relative SLR
(5th–95th percentile) ranging from 56 to 148 cm for RCP2.6, 63 to 165 cm for RCP4.5, and 75 to 197 cm
for RCP8.5. The greatest contributions to the median outcome are from oceanic thermal expansion, fol-
lowed by glacier and ice cap melting. The Antarctic ice sheet is projected to contribute most to the broad
uncertainty ranges of future SLR.

3.2. Dike Failures Along the Coast and River

Flood levels with various return intervals (10‐, 100‐, and 1,000‐year) for the present and future scenarios are
used to evaluate the reliability of seawalls along the coast and floodwall along the Huangpu River (Figure 2).
Overtopping and breaching (caused by overtopping) are considered as the two main failure mechanisms for
seawalls in Shanghai. Seawall breaching is defined to occur when the overtopping discharge is in excess of
20 l/m/s (see more details in section 2). As is shown in Figure 3, the locations of seawall failures under a
hydraulic load (water level and wave height) of current 10‐year return period (RP) are sparsely distributed
in the very limited weak sections of seawalls, mostly in the Yangtze River Estuary. During a 100‐year event,
both failures could simultaneously occur along the coast of Baoshan and southwestern Chongming island,
as the existing low‐level seawalls in these periurban and rural areas are considerably lower than the design
100‐/200‐year RP protection standard. Additionally, all sections of seawall in Fengxian are predicted to be
overtopped, largely due to significant wave heights (2–3 m) in Hangzhou Bay (Figure S2). The failure loca-
tions further extend to Jinshan district, parts of Pudong and Hengsha islands, and northeastern Chongming
island during an extreme 1,000‐year of RP event, accounting for approximately 40% of the total seawall
length (508 km). Compared to the 10‐year RP event under 2010 relative sea level, the overtopped and brea-
ched seawall length increases by 1 and 3 times, respectively, for 100‐ and 1,000‐year RP events.

With the effects of sea level rise and land subsidence, still water levels would increase proportionately at all
return periods. Under the RCP 8.5 scenario, the current 10‐ and 100‐year flood levels in Shanghai could be
exceeded approximately twice more frequently in 2030, 3–5 times more frequently by 2050, and over 50
times more frequently with a 136‐cm rise in relative sea level (50th percentile) by the end of the 21st century
(Figure S6). Increasing flood levels and seawall deformation (Figure S1), in turn, could increase the likeli-
hood of seawall failures over time. However, the percentage increase is notably greater for the shorter

Figure 1. Projected relative SLR under three RCPs for the city of Shanghai.
The shadow area represents the range of uncertainty (5th–95th percentile) for
each prediction.
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return period (more frequent) events. For example, the central estimate (50th percentile) of the length of
overtopped seawall is increased by 940%, 39%, and 3.6% under return periods of 10‐, 100‐, and 1,000‐year,
respectively, in 2030 compared to 2010. There are no major differences in terms of seawall failure location
and length affected/breached between RCP2.6 and RCP 8.5 scenarios, for 2030, 2050, and 2100. By 2100,
the potential overtopped and breached sections account for 71% and 67%, respectively, of total seawall
length under the RCP8.5 scenario during a flood of 1,000‐year return period (Table 1). However, the
majority of the seawalls in Pudong are expected to be able to withstand overtopping and breaching until
later in the 21st century, even when subject to a hydraulic load of 1,000‐year RP. This is due to the
relatively high quality of seawall (i.e., crest height, berm height, and crown wall) and comparatively low
hydraulic loads (i.e., storm tide and wave height) (Figure S2). Pudong district is a state‐level newly
developed area with much critical infrastructure and pilot economic zones, such as Pudong airport, Port
of Waigaoqiao, Shanghai free‐trade zone, and Lingang new urban area (Figure 2). Therefore, higher safety
standards (i.e., more than 1 in 200 years) were implemented in this district.

Figure 2. The geographical location of completely enclosed dike system, tide gauges, and critical infrastructures/facilities
in Shanghai and the Yangtze River Delta. The city center lies within the outer ring (highway). The crest heights of
seawalls and floodwalls above Wusong Datum were obtained from leveling measurement campaigns by the municipal
authority in the 2010s.
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Overtopping/overflowing and structural failure due to high river water levels are regarded as the two main
failure mechanisms of floodwalls along the Huangpu River (see more details in section 2). In terms of
overtopping/overflowing, this floodwall can withstand a 100‐year RP event under the current condition
(2010), with only two potential failure locations on the left bank of the Huangpu River's middle reach. For
the 1,000‐year RP event, wave overtopping and overflowing spread to the upstream reach and the right bank
of the Huangpu River (Figure 3), with additional failures scattered throughout the middle reach. Under
future relative SLR in 2030, 2050, and 2100, the floodwall could be overtopped under a 10‐year RP flood,
even in an optimistic RCP2.6 scenario (Table 1). In addition to the middle reach, the floodwall in the
upstream reach of the Huangpu River cannot withstand the hydraulic load of a 1,000‐year RP event
with 2030 sea level, while the downstream reach is far safer except for the 1,000‐year RP event under the
RCP 8.5 scenario (then entirely overtopped). This can be explained by the lower standard of protection level
(1 in 50 years) and lower socio‐economic development in the upstream reach than in the middle and down-
stream reaches (protection level of 1 in 1,000 years). Risks along the middle reach of the Huangpu River
(comprised of downtown districts) are exacerbated by ongoing engineering projects (e.g., massive
high‐rise construction and underground space exploitation), which are causing land subsidence and flood-
wall deformation. With projected sea level rise until 2100, almost the entire floodwall system along the
Huangpu River could be overwhelmed, especially during 100‐ and 1,000‐year RP events.

Figure 3. Projected central estimates (50th percentile) of dike failures and flood inundation under present and future scenarios (RCP 8.5) in Shanghai. (a–d)
Ten‐year flood in 2010, 2030, 2050, and 2100. (e–h) One hundred‐year flood in 2010, 2030, 2050, and 2100. (i–l) One thousand‐year flood in 2010, 2030, 2050,
and 2100.
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In terms of breaching due to structural failure, the floodwall along the Huangpu River is expected to remain
intact under the 100‐year RP event until 2050, while dike breaching could occur at two locations in the
upstream reach of the Huangpu River during the 1,000‐year RP event with the baseline sea level (2010).
Breaching further spreads to other sections of the upstream reach in the year 2030 and sparsely affects the
downstream reach (Figure 3). In contrast to the prevalence of overtopping, the middle reach of the
Huangpu River could experience very little structural failure under a 100‐year RP event until the end of this
century, due to the minor effect of small waves (0.3–0.7 m) along the river. Overall, under a 1,000‐year RP
event with scenario RCP 8.5 in 2100, the average very likely estimates (5th–95th percentile) of breached
floodwall length range from 14.17 km (3%) to 233.26 km (49%), indicating large uncertainties in the
long‐term projections.

3.3. Evolving Flood Hazards Throughout the City

Inland flood inundation induced by overtopping and dike breaching is simulated using a 2‐D hydrodynamic
model with a fine‐resolution city‐scale DEM (see more details in section 2). As examples, Figure 3 and
Table 1 also illustrate the central estimates (50th) of predicted city‐wide maximum inundation (extent and
depth) for three representative return periods (10‐, 100‐, and 1,000‐year) under current and future scenarios.
An immediate finding is that the failure‐induced flood inundation, as expected, increases significantly for
longer return period events. The general patterns of inundation, however, depend on the interplay among
flood levels, failure modes, and topographic characteristics. For the present sea level, almost no inundation
can be observed during a 10‐year RP flood event, except negligible ponding (0.1% of the total area), mostly in
the coastal floodplain of Baoshan district. Under the contemporary 100‐year flood level, low‐lying waterfront
areas in Baoshan and southwestern Chongming island are likely to be inundated without high standard sea-
walls. By contrast, overtopping failures along the Fengxian coast result in no inland flooding, due to the very
limited amount of discharge over the crest of the seawall. Additionally, marginal inundations with shallow
water depth may occur in only the hinterland protected by the remarkably low‐level floodwall sections. For
the extreme 1,000‐year RP event, flood inundation tends to be deeper and more extensive compared to
100‐year event, affecting the densely populated areas and several economically important functional zones
such as Baosteel Group and Sinopec Shanghai Petrochemical Company (Figure 2). Overland flow through
breached seawalls could inundate over 45% of Chongming island and intrude further inland to Baoshan,
withmaximumwater depths exceeding 3m. Flooding extends from the low lands of the upstream catchment
to both banks along the middle reaches of the Huangpu River floodplain. Because of the presence of topo-
graphic confinement on the coastal plain, inland flow caused by seawall breach is restricted to very limited
portions of coastal areas along Hangzhou Bay.

A cross comparison of the derived flood hazard maps in Figure 3 further reveals that the relative SLR could
lead to a nonlinear increase in future inundation of the delta city. The severity of flood extent is determined
by the rate of projected relative SLR and is more pronounced at shorter return periods. When a 0.22‐m rise
(median) in the local sea level by 2030 is considered, the total inundation area is projected to increase by
123%, 75%, and 55% relative to 2010 for 10‐, 100‐ and 1,000‐year RP event, respectively. Spatially, the inun-
dation patterns are characterized by a high degree of consistency between the present and 2030 scenarios.

Table 1
Predicted Length of Dike Failure and Extent of Flood Inundation Under Current and Future Scenarios (RCP 2.6 and 8.5)

Scenarios

10‐year flood event 100‐year flood event 1,000‐year flood event

O(102km) B(102km) F(102km2) O(102km) B(102km) F(102km2) O(102km) B(102km) F(102km2)

2010 0.04/0.01 0.01/0 0.07 1.13/0.07 0.46/0 1.77 2.20/1.54 2.00/0.01 10.21
2030 RCP 2.6 0.36/0.04 0.02/0 0.16 1.56/0.19 0.67/0 3.04 2.28/2.52 2.14/0.02 15.39
2030 RCP 8.5 0.39/0.04 0.03/0 0.17 1.58/0.19 0.68/0 3.09 2.28/2.53 2.14/0.02 15.79
2050 RCP 2.6 0.72/0.05 0.12/0 0.61 1.72/0.65 1.30/0 6.21 2.67/2.82 2.23/0.07 20.29
2050 RCP 8.5 0.77/0.05 0.15/0 0.80 1.76/0.71 1.38/0 6.88 2.89/2.98 2.26/0.08 21.69
2100 RCP 2.6 1.34/0.85 0.59/0 3.13 2.19/2.77 1.81/0.07 18.17 3.37/3.20 3.18/0.29 36.67
2100 RCP 8.5 1.73/2.43 1.23/0.01 11.27 2.74/3.13 2.24/0.15 28.92 3.63/3.20 3.40/0.54 42.07

Note. O, B, and F represent overtopped length, breached length, and flooded extent. Values on both sides of the slash for O and B are failure lengths of seawall and
floodwall, respectively. The median estimates (50th percentile) of failure length and flood extent are presented for future RCP 2.6 and 8.5 scenarios.
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However, there is a marked difference in Hengsha (Figure 3j) where 1,000‐year RP flooding affects only a
small portion of dike‐protected hinterland under present conditions but could inundate most of the island
through a 3.5 km long breached seawall by 2030. With a median relative SLR of 0.5 m under RCP8.5
projected by 2050, flood extent and depth for each return period are expected to increase drastically in the
coastal and Huangpu river floodplains. The inundated area is projected to be more than double for the
1,000‐year flood extreme and increase more than tenfold for the 10‐year RP event when compared to
2010. Meanwhile, the projected SLR could contribute to a 53% and 18% rise in the average water depth for
the 10‐ and 1,000‐year RP flood scenarios, respectively. If the relative sea level is raised by 1.36 m in 2100,
the flood impact of the 10‐year return period storm could even exceed that of the 1,000‐year return period
at the 2010 baseline sea level. Without timely adaptation measures, 1,000‐year RP flooding could
overwhelm the delta city by the end of this century (Figure 3l). Under this scenario, more than 4,200 km2

(62% of the total area) of the city could be flooded with an average inundation depth of 1.2 m. The most
susceptible areas to the magnified flood hazard are Chongming island and the Huangpu River
floodplain including the city center, where the inundation distance exceeds 10–20 km inland. Overall, the
implication is that Shanghai with a population of 24 million, though relatively safe from flooding today,
will become increasingly risk prone due to SLR and subsidence.

Figure 4 shows the time evolution of projected inundation (extent and depth) for each scenario. It is noted
that the time series are consistent with each other, suggesting a similar pattern of inundation process during
each simulation. Results also indicate that the temporal development of flood inundation is not synchronous
with the timing of the tidal cycle. In each case, both the flooded area and depth rapidly increase during the
rising phase (the first 1–3 hr) and then storm water progressively extends overland shortly after the flood
peak (up to 10 hr). Afterward, a steady state of inland flooding is attained as the stage subsides. The inunda-
tion area continues to slightly increase, but the average water depth generally remains constant until the end
of the model run. This is explained by Shanghai's low‐lying floodplain with a downward topographic gradi-
ent away from the shore. Moreover, SLR exerts varying degrees of influence on the 10‐, 100‐, and 1,000‐year
RP flood scenarios. More frequent (short‐RP) flood events, in terms of inundation area (Figures 4a–4c), are
affected more by SLR than those with longer return periods, confirming what is shown in Figure 3. On the
contrary, the SLR effect on the inundation depth is predicted to increase from the 10‐year RP event to
extreme 1,000‐year RP flood (Figures 4d–4f). An important finding is that the time depth curves for the
10‐year floods even show a significant decrease in average water depths from 2010 to 2100, because the
increase in the 10‐year flood levels due to SLR essentially translates into larger inundation areas in the exten-
sive floodplain rather than greater water depth. In general, flood hazards are expected to be more destructive
as sea level rises, with not only greater inundation but also longer duration (days to weeks).

Figure 4. Time series of projected inundation for various RP events under present and future scenarios (RCP 8.5) in Shanghai. (a–c) Predicted wet areas with
the difference in y axis scaling for 10‐, 100‐, and 1,000‐year floods. (d–f) Average water depths for 10‐, 100‐, and 1,000‐year floods.
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4. Discussions

This study demonstrates the growing dependency of delta cities' flood safety on the level of flood protection
and thus reveals the importance of incorporating sophisticated reliability assessment into delta flood risk
analysis at a local, city level. Using Shanghai as a case study, for the first time, we have demonstrated
how the vulnerability of an existing dike system in a delta city will develop over time assuming different
SLR scenarios and how dramatically the compound flood hazards may increase over time. Notably, rising
seas increase dike failures and flood hazards locally, with the highest and lowest impacts in the Yangtze
River Estuary and Hangzhou Bay, respectively. We also found that the projected SLR would substantially
amplify the cascading effect generated by not only smaller floods, which cause little threat of failure and
inundation at the current state, but also extreme events, which may repeat the tragedy of New Orleans in
Shanghai by the end of the 21st century, without additional adaptation measures.

Although the vulnerability of delta cities to rising seas is well known, our findings on the effects of the rela-
tive SLR on failure‐induced flooding are comparable with those of previous studies. For example, Wang
et al. (2012) projects that SLR and land subsidence could result in 46% of dikes being overtopped and half
of the city being flooded by a Winnie‐like storm surge in 2100. Projections from Du et al. (2020) indicate that
a 1,000‐year flood is likely to inundate 76% of mainland Shanghai under the RCP8.5 scenario of relative SLR
by the end of the 21st century. The studies only accounted for overtopping on the basis of design protection
level, or dike breach with an assumption of complete failure of defense structures. However, our study
advances these earlier assessments by including empirically derived dike failures based on reliability analy-
sis (the compound effects of both overtopping and dike breach using actual seawall and floodwall heights) in
flood modeling and soil subsidence in estimating relative SLR. Using 100‐year flooding as an example, we
find that the predicted inundation area and water depth are 61% and 57% higher than those with only
overtopping scenario (S3) but 785% and 83% smaller than those with complete failure scenario (S2) in
2010 (Figure 5 and Figure S7). The difference between each approach is expected to decline gradually to
±20–30% with SLR until 2100. Thus, the case of Shanghai shows that flood risks in major delta cities are very
likely to be poorly estimated, as most current flood risk modeling regularly used S2 or S3 approaches and
neglected the effect of dike reliability.

Schubert and Sanders (2012) demonstrated that the best method for a particular application of 2‐D flood
inundation model will depend on available data, computing resources, time constraints, and the specific
modeling objectives. We realize that a coarse resolution (50 m) DEM is insufficient to capture intricate flow
paths in urban topography and tends to be biased in the predicted inundation patterns of downtown
Shanghai. Street‐level inundation modeling in Lujiazui District is thus performed and then compared with
city‐scale modeling (Figure 6). The general pattern of street‐level inundation is similar to what has been
reported at city scale. However, flood inundation is overestimated in the city‐scale modeling as detailed sur-
face features represented by high‐resolution DSM may block specific hydraulic connectivity. With the
increase in flood magnitude, the differences of flood inundation (extent and depth) between street‐level
and city‐scale simulations reduce slightly. Results agree with previous studies (e.g., Yin et al., 2016) that
high‐resolution DEM is essential for resolving flood patterns in an urban setting.

Figure 5. A comparison of predicted 100‐year flood inundation (extent, depth, and percentage difference) between methods considering failure probabilities (S1),
assuming complete failure (S2), and assuming only overtopping (S3) by 2010, 2050, and 2100 (RCP8.5).
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We acknowledge that there are several limitations to our analysis. The most important is that future changes
in storminess are not considered in our study. Although previous research has indicated that an increase in
extreme high water levels for the historical period is due almost exclusively to SLR rather than storm
climatology changes (Menéndez&Woodworth, 2010; Zhang et al., 2000), the effect of enhanced storminess is
found to be more pronounced in the late 21st century (Li et al., 2018; Lin et al., 2012; Lin & Emanuel, 2016).
It is yet unclear how climate change might affect the frequency and intensity of tropical cyclones and asso-
ciated flooding in the Yangtze River Delta. Including the climatological‐hydrodynamic modeling of prob-
abilistically based synthetic events under future climate conditions is computationally expensive and
beyond the scope of this study. Further research could quantify the compound impacts of both SLR and
storm climatology change on future flood hazards locally. Moreover, we neglect the nonlinear interactions
between SLR and extreme water level, which is dominated by tide‐surge‐wave, intense rainfall induced plu-
vial flooding, and river flooding in deltas and estuaries (Moftakhari et al., 2017; Ward et al., 2018). Although
the linear superimposition of SLR and the flood return levels has been used inmany coastal flood vulnerabil-
ity studies, sea level variations could affect the tidal range, storm surge, wave height, and river discharge
separately in some regions (Arns et al., 2020; Devlin et al., 2017; Wahl, 2017). Storm surge, high tide, heavy
rainfall, and upstream river flooding are the four major drivers of extreme water levels along Shanghai coast
and Huangpu River. Catastrophic flooding tends to be triggered when three or four of these drivers occur
simultaneously. Fully accounting for all the drivers and their nonlinear interactions requires an integrated
modeling framework that could be addressed in future assessments. Finally, the empirical dike reliability
functions used in this study are uncertain for Shanghai, as large‐scale dike failures have not occurred since
the early 2000s when the continuous and high standard seawall/floodwall system along the coast and river
was completed. These engineering works followed the devastating flooding in Shanghai by TyphoonWinnie
in 1997. The empirically based dike reliability analysis can still hold because sensitivity analysis allows quan-
tification of the uncertainties in each component and their combination.

Figure 6. A comparison of street level (5‐m resolution, A–H) and city‐scale (50‐m resolution, a–h) inundation modeling in Lujiazui, Shanghai; (A/a) 1,000 years in
2010, (B/b) 100 years in 2030, (C/c) 1,000 years in 2030, (D/d) 100 years in 2050, (E/e) 1,000 years in 2050, (F/f) 10 years in 2100, (G/g) 100 years in 2100,
(H/h) 1,000 years in 2100.
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Taking into account the above uncertainties and limitations, the dike failure‐induced compound inundation
predicted by reliability analysis and hydrodynamic modeling (see section 2) could be applied to assess
increasing flood risks and to prioritize site‐specific adaptation efforts at city scales. Typically, with available
probabilistic flood hazard footprints to 2100, annual expected damages to populations and assets in the delta
city may be evaluated under both present and future conditions. Our analysis combined with cost‐benefit
assessment (Ruig et al., 2019) can be further used to identify areas where investments in protective measures
should be prioritized and to identify tipping points when (new) adaptation options should be emphasized,
thus providing a strong basis for maintenance and/or improvement of the optimal protection standard along
the coast and river. Particularly, a movable barrier system at the mouth of Huangpu River (like the Thames
Barrier for London and the Maeslantkering Barrier for Rotterdam) should be considered for Shanghai. Such
an investment might be more economically effective in the long term, as the city's 479.7‐km floodwalls
would need to be raised every decade due to relative SLR, in the absence of a storm surge barrier.
Another urgent action is upgrading of the low‐level seawalls (typically 5–7 m above Wusong Datum) along
the coasts of Baoshan and Chongming and regular maintenance of the high‐level seawalls in Pudong and
Changxing. Our modeling, in terms of timing, can also support evacuation zoning and emergency planning
for possible contingencies. Besides applications of flood risk management in Shanghai, the methodology
demonstrated herein is readily transferable to other deltaic cities around the world such as Tokyo,
Bangkok, and Jakarta, where the rate of SLR and subsidence are accelerating, adding to the area below
sea level. Such detailed studies performed elsewhere would be essential for developing sustainable flood resi-
lience plans, which aims to offset the effect of rising sea and to prevent delta cities from drowning before the
trends become irreversible. Ultimately, massive projects such as the Dutch polder systems may be feasible
for wealthy megacities on sinking deltas but are unaffordable for many delta cities in the developing world.
Difficult strategic choices on which area to preserve and which to abandon will arise because the time win-
dow to sustain deltas is closing gradually (Day et al., 2016).
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