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Frequent estuarine engineering exacerbates flood risk in the Greater Bay Area
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ABSTRACT ARTICLE HISTORY
Global mega-bay systems are experiencing intensive estuarine engineering (e.g. dredging and recla- Received 16 May 2025
mation), yet the compound effects and underlying mechanisms driving flood risk amplification Accepted 28 June 2025
remain insufficiently quantified. This study investigates flood risk changes in the Bay-Inlet-Channel KEYWORDS

system of China's Greater Bay Area (ranked as the world’s fourth largest mega-bay) through extreme
value analysis of 1965-2017 water level records using generalized extreme value (GEV) theory and
max-stable process modelling. Our results demonstrate spatially heterogeneity in flood risk trends,
with differential extreme water level rise changes: 0.22 cm/yr at the bay mouth, 0.65 cm/yr in the
inner bay, and 0.56 cm/yr in the upper tidal reach (Shiziyang), coinciding with a risk escalation from
Category Il (strong) to Category | (extreme). Hydrodynamic analysis reveals that deposition-induced
tidal range attenuation at the bay mouth partially moderates flood risk acceleration, whereas syner-
gistic effects of erosional dredging and convergent reclamation amplify both tidal and surge dynam-
ics, consequently exacerbating flood risk in the inner bay, with the tidal reach exhibiting intermediate
trends due to energy dissipation through Humen Inlet. Numerical simulations quantify maximum
impacts on extreme high water levels, with 9.61% rising associated with slower-propagating waves
from reclamation and 3.33% decreased with faster-propagating waves induced by dredging. Pro-
jections under SSP5-8.5 sea-level rise scenarios indicate that extreme high water levels will surpass
optimized 300-yr return levels defense standards by 2080 (outer bay), 2090 (inner bay), and 2100
(tidal reach). These findings provide critical insights into global flood risk management in engineered
mega-bay systems and advance methodological frameworks for extreme water level assessment.

Estuarine engineering; flood
risk; dredging and
reclamation; greater bay
area; tide-dominant estuary

1. Introduction (Hu et al, 2023; Ma et al., 2022; You et al, 2024).

Estuaries, characterized by low-lying terrain and high
population density, exhibit acute vulnerable to coastal
flooding, a global hazard responsible for hundreds of
thousands of deaths and billions in infrastructure dam-
age annually (Edmonds et al., 2020; Haigh et al., 2016;
Rentschler et al., 2023). Notably, current estimates indi-
cate approximately 334 million inhabitants occupy 85%
of global estuaries (Chan et al., 2024), where rapid urban-
ization has emerged as the predominant factor exacer-
bating human exposure and vulnerability to flood risk
(Rentschler et al., 2022). Flood mechanisms can be cat-
egorized into three primary categories according to their
formation process: (1) rainfall-induced floods caused
by extreme precipitation (Nanditha & Mishra, 2025);
(2) riverine floods resulting from upstream overflow
(Munoz et al., 2018); and (3) coastal floods triggered
by astronomical tides, storm surges, and strong winds

Among these, storm tide-driven coastal flooding typi-
cally causes the most severe damage (Tadesse et al., 2022).
Global observational records since 1990 reveals a sig-
nificant increase in flooding damages caused by tropical
cyclone, especially in the mega-bay systems like New
York Bay and San Francisco Bay in US and Tokyo Bay
in Japan (Hoshino et al., 2016; Lowe et al., 2024; Russo
et al., 2013; Talke et al,, 2014). The Greater Bay Area
(GBA) of China, recognized as the world’s fourth major
mega-bay encompassing the Pear]l River Delta (PRD)
region with a population exceeding 70 million (Wang
& Rainbow, 2020), has shown particular vulnerability to
coastal flooding. In recent decades, Guangdong Province
showing particular vulnerability, recording the highest
frequency of such events and corresponding economic
losses within the Greater Bay Area (Wang et al., 2021),
assessing and explaining its long-term changes of storm
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tide-driven coastal flooding is vitally significant and
urgent.

Extensive research has characterized tropical cyclone
impacts through both observational data and numerical
modelling, with particularly focus on wind velocity, surge
level, and their interactions with astronomical tides and
river discharge (Doodson, 1956; Hu et al., 2007, 2023;
Stephens et al., 2020; Zhuge et al., 2024). These studies
have elucidated the complex hydrodynamics interactions
between storm surges, tidal forces, river discharge (Arns
et al., 2020; Palmer et al,, 2019; Rego & Li, 2010). In
addition, climate change, inducing sea-level rise with a
speed of 2.9 £ 0.2 mm/yr, has been shown to exacerbate
flooding through enhanced nonlinearities (Idier et al.,
2019; Yang et al., 2021), with stronger impacts during
peak tide periods (Ma et al., 2022). Coastal urbanization
and population growth were identified as major con-
tributing factors (Klotzbach et al., 2025; Meiler et al,
2022), while the frequent anthropogenic interventions,
including channel dredging, land reclamation, sand min-
ing, and bridge construction, have substantially benefited
socioeconomic development (Hoitink et al., 2020), their
cumulative effects on morphological alterations and sub-
sequent flood risk amplification require more rigorous
quantification.

Estuarine engineering intervention, particularly chan-
nel dredging and land reclamation, emerge as dominant
anthropogenic factors altering estuarine bathymetric like
depth, width, and convergence, subsequently modifying
the inertia-friction-convergence balance, and ultimately
amplifying tidal ranges (Guo et al., 2022; Schrijvershof
etal,, 2024; Van Maren et al., 2023). Additionally, tidal flat
loss from reclamation increases wave energy and storm
vulnerability (De Dominicis et al., 2023; Mondal et al.,
2024; Zhang et al., 2021a). Global urban areas are expe-
riencing escalating flood risk (Vousdoukas et al., 2018),
evidenced by rising storm surge trends of 3 mm/yr in
Hong Kong (You et al.,, 2024), 1.5 mm/yr in New York
(Wahl et al., 2015), and a 26% increase in 25-year flood
exceedance depth in the San Francisco Bay Area (Russo
et al., 2013). However, critical knowledge gaps remain
regarding how sustained morphological alterations from
dredging and reclamation affect long-term flooding pat-
terns.

Globally, funnel-shaped, tide-dominant channels
exhibit consistent patterns of anthropogenic tidal ampli-
fication (Dai et al, 2016; Hoitink et al., 2020; Wang
et al,, 2015). The Greater Bay Area (GBA), encompass-
ing the majority of the Pearl River Delta (PRD) region
with a total population exceeding 70 million (Wang &
Rainbow, 2020), contains a system comprising intercon-
nected Lingding Bay, Humen Inlet, and Shiziyang Tidal
Channel that forms a complex Bay-Inlet-Channel (BIC)

system, representing the primary hydrodynamics regime
of the Guangdong-Hong Kong-Macao Greater Bay Area.
Since 1960, Lingding Bay has experienced unprecedented
tidal changes, with constituent amplitudes and tidal
range increasing anomalously (Zhang et al., 2021b; Chu
et al., 2022). These transformations coincide with inten-
sive human interventions, shipping channels in Lingding
Bay’s Western Channel (Fu et al., 2025; Wu et al., 2016),
Humen Inlet deep channel (Wu et al., 2010, 2006) and
Shiziyang have deepened double through frequent dredg-
ing and sand mining. Combined with its documented
vulnerability to flooding from storm events, the BIC is
a typical funnel-shaped location to examine how bathy-
metric alterations modify both tidal dynamics and storm
surge behaviour (Jay, 1991; Savenije et al., 2008). Recent
studies confirm that anthropogenic interventions have
exacerbated compound flood risk (She et al., 2023; You
et al,, 2024) within GBA, while the underlying mecha-
nism is still unclear.

Therefore, this study systematically evaluates the
exacerbating effects of the typical estuarine engineer-
ing (dredging and reclamation) on storm-driven flood
risk in the BIC system of Pearl River Estuary within
Greater Bay Area. Our investigation proceeds through
four sequential analyses: (1) decadal-scale assessment
of bathymetric changes induced by dredging and recla-
mation (1960s-2020s); (2) flood risk evaluation across
the Greater Bay Area using daily water level records
(1965-2017) and max-stable modelling approaches; (3)
identification and quantification of dominant flood
drivers, particularly the relative contributions of chan-
nel dredging versus land reclamation; and (4) develop-
ment of a future risk assessment framework aligned with
GBA flood protection standards, accompanied by adap-
tive management strategies.

2. Materials and methodology
2.1. Features of the complex system

The Pearl River Estuary (PRE, Figure 1b) represents one
of the world’s most complex channel network systems,
draining an area of 450,000 km?. This highly urbanized
and industrialized region (Zhou et al., 2018) is char-
acterized by extensive freshwater discharge through a
dense tributary network with relatively low suspended
sediment concentrations. The system receives water pri-
marily from three major tributaries (West, North, and
East Rivers) and discharges into the South China Sea
through eight major outlets (Yamen, Hutiaomen, Jiti-
men, Modaomen, Hengmen, Hongqimen, Jiaomen, and
Humen). As China’s second largest river system, the
Pearl River delivers approximately 282.3 billion m? of
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Figure 1. Overview of the Pearl River Delta (a) and the Bay-Inlet-Channel (BIC) system showing the locations of six hydrological

monitoring stations (b).

freshwater and 72 million tons of sediment annually (Liu
etal,, 2014), with the West River alone contributing about
215 billion m?/yr of discharge and 35 million kg/s of sedi-
ment flux (Zhang et al., 2013). In addition, the Pearl River
Delta exhibits a mean annual discharge of 8,952 m3/s
and experiences a mixed semidiurnal tidal regime, with
tidal ranges averaging 1.0-1.7 m near the estuary mouths
(Zhang et al., 2013).

This research examines the Bay-Inlet-Channel (BIC)
system (Figure 1c), a 118 km composite of Lingding
Bay (LDB), Humen Inlet (HI), and Shiziyang (SZY)
tidal channel, representing a characteristic ‘network-
bay’ structure in the Pearl River Estuary’s core area.
This system serves critical natural functions (flood dis-
charge, drainage, and tidal exchange) while supporting
the Guangdong-Hong Kong-Macao Greater Bay Area’s
socioeconomic development. Lingding Bay (LDB), the
largest bell-shaped estuary in the PRE, spans 80 km and
features a distinct bathymetric configuration compris-
ing three shoals (West, Middle, and East Shoals) and
two channels (Western and Eastern Channels). As a tide-
dominated system, LDB primarily receives freshwater
from the East River before discharging into the South
China Sea. Influenced by Pacific Ocean tides, the LDB
exhibits a typical tidal range of 1.0-1.77 m. Humen Inlet
(HI), a 10-km tide-dominated channel linking LDB and
SZY, discharges 60.3 billion m>/year (18.5% of PRE’s
total) with flood-season flows averaging 228.8 billion m?
and sediment loads of 8.41 million kg/s (12.0% of PRE’s
total) (Wu et al., 2018). As the dominant conduit for east-
ern PRE tidal dynamics, HI conveys 80.5% of the four
eastern outlets’ flood tide volume, the highest among all

eight major inlets, facilitating significant sediments and
salt transport from the continental shelf.

The Shiziyang (SZY) tidal reach, approximately 28 km
long, located the eastern portion of the PRE (Figure 1c¢),
connecting to LDB through the Humen inlet and fea-
tures distinct shoal-channel morphology. Its bathymetry
includes deep scour channels at both estuarine and flu-
vial boundaries while maintaining a characteristic ‘three-
channel-two-shoal’ configuration in mid-reaches (Zhang
et al,, 2013, 2018). The channel experiences an irregular
semidiurnal tidal regime with average ranges of 1.06-1.69
m, demonstrating strong ebb-dominated tidal asymme-
try. Moreover, the SZY channel receives the entire dis-
charge from partial of East River network, along with
approximately 60% of the North River’s runoft, ultimately
draining southward into the South China Sea. With an
average annual discharge of 58.6 billion m> (about 19%
of the Pearl River Basin’s total) and sediment load of
88.5 million kg/s (10% of the basin’s total), the channel’s
shoal areas primarily consist of coarse-grained sediments
derived from the East River basins.

2.2. Datasets

In this study, daily high and low water level time series
(1965-2017) from six gauging stations were collected
(Figure 1b), including Hongkong (denoted by HK), Chi-
wan (denoted by CW), Shishengwei (denoted by SSW),
Huangpu (denoted by HP), Hengmen (denoted by HM)
and Nansha (denoted by NS), and their locations shown
in Supplementary material. Here, the water level time
series in CW, SSW, HP, HM and NS stations were
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Table 1. Classification of storm surge intensity and exceedance severity.

Classifications | (Extreme)

Il (Strong)

Il (Moderate) IV (Medium) V (Weak)

h > 250
Exceeding red alert by > 70 cm

Storm surge intensity
Exceedance severity

200 < h < 250
Exceeding red alert ( < 70 cm)

150 < h < 200
Reaching orange alert

100 < h < 150 50 < h <100
Reaching yellow alert -

collected from the hydrological data of the Pearl River
Basin, and post-2017 water level time series are unfortu-
nately unavailable due to data security restrictions. The
water level time series in Hongkong station were col-
lected from the University of Hawaii Sea Level Center
(UHSLC, https://uhslc.soest. hawaii.edu/, Caldwell et al.,
2015). All water levels were corrected to the Pearl River
Datum and interpolated by a trigonometric interpola-
tion method (Zhang et al., 2018) into hourly data for
harmonic analysis.

Moreover, 2 groups of morphological data of Lingding
Bay in 1964 and 2008, Humen Inlet and Shiziyang in
1955 and 2010 were collected from the Guangzhou Mar-
itime Safety Administration and the China Peoples Lib-
eration Army Navy Command Assurance Department of
Navigation. Due to the data limitation, we integrate the
maps into 2 periods of the BIC system for the 1960s and
2010s. Subsequently, the digital elevation model (DEM)
of BIC was generated and the bathymetric data were
converted from the local lowest tidal level to the Pearl
River Datum. Projected to UTM - WGS84 coordinates of
China, the data were interpolated to a 20 m x 20 m grid
DEM in the ArcGIS software.

To investigate the spatiotemporal distribution fea-
tures of extreme storm water levels risk in the BIC sys-
tem, we collected a dataset of typhoon duration periods
and paths in offshore China. The dataset was obtained
from Oceanographic Data Center, Chinese Academy of
Sciences (CASODC https://datapid.cn/CSTR:33685.11.
IOCAS.20210804.001).

2.3. Definition of extreme water levels

We investigate changes of flood risk by exploring vari-
ations in extreme water levels caused by storm events,
including extreme measured water level (EMWL), astro-
nomical high tide (AHT), maximum storm surge (MSS),
and extreme skewed surge (ESS), in response to inten-
sive channel dredging and large-scale land reclamation
projects. The data analysis procedures are as follows.
First, the daily high and low water levels were interpo-
lated into hourly data using a trigonometric interpolation
method (Zhang et al., 2018). Before identifying effective
surges in the PRE, the total water levels were decomposed
into observed tide and low-frequency surge components
using a Godin low-pass filter. This filter, originally devel-
oped by Godin (1972) and commonly referred to as the
tide killer filter (Candela et al., 1989; Walters & Heston,

1982), was applied to remove short-term (periods shorter
than approximately two days) variations in the sea level
series.

Subsequently, the predicted astronomical tide was
derived through harmonic analysis. The non-tidal resid-
uals were then computed by subtracting the predicted
astronomical tide from the observed tide. Finally, the
surge was determined by combining the non-tidal resid-
uals with the low-frequency surge components. In this
study, we focused on the maximum storm surge (MSS)
during each storm event, and its corresponding near-
est astronomical high tide (AHT) and extreme mea-
sured water level (EMWL), which was shown in Supple-
mentary material. Moreover, the extreme skewed surge
(ESS) is the level difference between extreme mea-
sured water level and the nearest astronomical high tide
(ESS = EMWL-AHT), representing the non-tidal signal
including surge, river discharge, precipitation and their
nonlinear interactions (Hague & Talke, 2024; Stephens
et al., 2020).

2.4. Classification of flood risk

According to national standards (GB/T 39418-2020), the
storm surge intensity could be categorized into five levels:
Extreme (I), Strong (II), Moderate (III), Medium (IV),
Weak (V), with specific classification criteria detailed
in Table 1. This intensity classification provides critical
information about the physical forcing mechanisms of
storm events, which is essential for understanding coastal
hydrodynamics and engineering design. Furthermore,
tidal gauge stations in the Pearl River Estuary imple-
ment a four-tier warning water level system (blue, yellow,
orange, and red). By evaluating both the warning level
thresholds and the extent to which maximum storm tide
levels exceed these benchmarks, the severity of high water
level exceedance is classified into four grades: Extreme
(I), Strong (II), Moderate (III), Medium (IV), with precise
classification parameters provided in Table 1.

To investigate the spatial distribution characteristics
of flood risk across the BIC system, we analysed obser-
vational data from 1,211 typhoon events captured by six
tidal gauge stations during 1965 and 2017. This com-
prehensive dataset facilitated the classification of both
intensity metrics and warning-level exceedance severity
for extreme measured water level (EMWL). Here, the
storm surge intensity can characterize the meteorological
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forcing of Greater Bay Area, while the exceedance sever-
ity grading directly relates to coastal flooding impacts and
emergency response requirements, offering actionable
information for disaster management.

2.5. Generalized extreme value (GEV) and
max-stable process models

The Generalized Extreme Value (GEV) distribution
serves as a cornerstone of extreme value theory, pro-
viding a unified framework for modelling the statistical
behaviour of extreme events (Lin et al., 2019; Wahl et al.,
2017). Its cumulative distribution function (CDF), first
introduced by Fisher and Tippett (1928), takes the form:

— -1/
exp{—[l+§(xa—'u):| },1
+5("‘_/‘) -0 (1)
o
exp{—exp (x—,u)}’f =0
| o

where u represents the location parameter, o is the
scale parameter, and ¢ is the shape parameter that deter-
mines the tail behaviour of the distribution. Specifically,
the GEV distribution encompasses three limiting cases:
when ¢ > 0, it corresponds to the heavy-tailed Fréchet
distribution; when & < 0, it reduces to the bounded
Weibull distribution; and when & = 0, it converges to the
light-tailed Gumbel distribution.

To extend the classical univariate Generalized Extreme
Value (GEV) distribution to spatial domains, traditional
approaches employed hierarchical models (Boumis et al.,
2023). However, these methods often fail to adequately
capture data-level dependence structures. The max-
stable process framework overcomes this limitation by
providing a robust approach for modelling multivari-
ate extremes with spatiotemporal dependence (Rashid
et al., 2024). Consider Y(S), where t = 1,..., T, rep-
resents years and S = sy, $2,..., sp denotes tide gauge
locations in a spatial domain. The process Y¢(S) is max-
stable with GEV marginals if the following limit exists for
all locations:

-

F(x) =

. maxi_,Yi(s) — by (s)
Yi(S) = t—lginoo t am(s) @

where a,,(s) > 0and by,(s) are location-specific normal-
izing constants. The calibration of max-stable processes
utilizes pairwise extremal coefficients derived from F-
madograms (Stoev, 2010). For any two locations s; and
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s2, the F-madogram is computed as:

t

(st =) = o D FGei(s) ~ (sl Q)

i=1

where z¢(s1) and z((s2) represent annual maximum surge
observations at the respective locations in year t, and T is
the total observation period. The corresponding extremal
coefficient estimate is then obtained through:

O(s1 —s53) = 14 2vr(1 = 52) (4)

1 — 2vp(s; — 52)

This methodology provides a comprehensive framework
for analysing spatial extremes while properly accounting
for dependence structures across locations. The max-
stable process formulation maintains theoretical consis-
tency with univariate extreme value theory while extend-
ing its applicability to spatial contexts. The use of F-
madograms for extremal coefficient estimation offers
a computationally efficient approach to parameteriz-
ing the spatial dependence structure. Finally, the max-
stable process was calibrated through an optimization
procedure that minimized the sum of squared errors
between theoretical and modelled pairwise extremal
coefficients.

2.6. Validation of extreme water levels

The fitting process was applied to 53 years (1965-2017)
of annual maximum (AM) extreme water level from our
network of 6 tide gauges distributed around the BIC
system. To further evaluate the max-stable model effi-
ciency and estimate the risk of extreme high water level(s)
in ungauged locations, we employ a stochastic simu-
lation approach to generate annual maximum extreme
water levels along the BIC system by producing 10,000
synthetic annual maximum extreme water level time
series at each ungauged location based on the max-stable
model’s predicted GEV parameters (Rashid et al., 2024).
To preserve the observed spatiotemporal variability of
annual maximum extreme high water level(s), we imple-
ment a rank-ordering technique to match the observed
water levels rankings at each tide gauge location. This
widely validated method, validated in numerous hydro-
logical applications including synthetic annual maxi-
mum extreme water level time series generation, flood
forecasting, and ensemble prediction systems (Mehro-
tra & Sharma, 2019; Scheuerer et al., 2017), effec-
tively maintains the statistical properties of extreme
events.

For ungauged locations, we develop a weighted
distance-based interpolation scheme that computes surge
ranks by averaging observed annual maximum extreme
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high water levels ranks by averaging observed annual
maximum extreme water level ranks from the two near-
est tide gauges, with weights inversely proportional to
distance. This approach is physically justified by the char-
acteristic spatial coherence of extreme events (whether
tropical cyclones, extra-tropical cyclones, or atmospheric
rivers) typically affect extensive coastal stretches, with
surge magnitudes decaying gradually with distance from
the landfall location (Enriquez et al., 2020; Piecuch et al.,
2022). The weighting scheme assumes ungauged loca-
tions share similar statistical characteristics (including
interannual variability) with proximal tide gauges, con-
sistent with spatial patterns of storm surge events along
coastlines.

We employ a leave-one-out cross-validation approach
to evaluate the max-stable model’s performance in quan-
tifying GEV parameters. This involves iteratively exclud-
ing each of the 6 tide gauges, calibrating the model
using the Sanzao and Huangjin stations (Table S1 in
Supplementary material), and predicting the GEV param-
eters for the omitted tide gauge. Predicted location and
scale parameters from this validation were compared
against: (1) the parameters obtained from the complete
datasets model, and (2) site-specific estimates from uni-
variate GEV distributions. While univariate GEV esti-
mates may not represent absolute truth, they provide a
valuable reference for assessing the max-stable model’s
ability to capture marginal behaviour capture (Cao &
Li, 2019).

Model performance was quantified using a relative dif-
ference (RD) metric: RD = |(Yactual = Ymodel)/ Yactualls
where Y,cual and Ypodel represent the reference and
model-estimated parameter values, respectively. Both
location and scale parameter RDs from leave-one-out
validation and univariate GEV distribution in all sta-
tions are both less than 0.5, indicating that the model
performs reasonably well in predicting GEV parame-
ters (Figure S3 in Supplementary material). In addition,
the performance of leave-one-out validation is better
than univariate GEV distribution. These GEV param-
eters are subsequently used to calculate extreme surge
return period (in years) through the GEV quantile func-
tion: F~! = (1-1/N; , 0, &), where N denotes the return
period, crucial for designing coastal protection infras-
tructure. Therefore, by this validation framework, we
evaluate the model’s performance by comparing simu-
lated and observed extreme high water level (Figure S4
in Supplementary material), the mean errors (root mean
square errors, RMSE) between observed and median sim-
ulated extreme high water level of 8 tidal gauges are less
than 0.15 m except from Sanzhao station (Figure S5 in
Supplementary material).

3. Results

3.1. Estuarine engineering effects on morphological
evolution

The spatiotemporal patterns of estuarine engineering
were investigated, with particular emphasis on chan-
nel dredging and land reclamation, and their effects
on four representative cross-sections were quantified
(Figure 2) through comprehensive analysis of morpho-
logical changes in the BIC system (Figure 3). The analysis
reveals that reclamation has profoundly narrowed the
inner Lingding Bay (LDB), with the western shoreline
progressing ~4.04 km southeastward (Figure 2a), result-
ing in an 83.69% maximum width reduction (Figure 3b,
d), while eastern shoreline changes remained minimal.
This pronounced western constriction has diminished
the protective capacity of the west shoal, while enhancing
channel convergence and accelerating tidal propagation.
Additionally, port construction at XinSha Port resulted
in a 0.53 km westward shoreline advancement in the
upper SZY (Figure 2a, c),causing a 54.29% channel width
reduction (Figure 2b, d) and further amplifying tidal
dynamics.

Dredging in the BIC exhibited prolonged, large-scale
impacts with intensive excavation depths from 1959 to
2014 (Figure 2b). Phase I (1959: 6.9 m depth) and Phase
IT (1975-1979: 8.6 m depth) initiated deepening in the
inner LDB (Figure 2e) and upper SZY (Figure 2c) by the
1990s. The Guangzhou Port Deepwater Channel Naviga-
tion Project (GZ-DCNP), implemented in 1989 (Phase
III: 10.5 m depth), deepened the western channels of
outer/inner LDB (Figure 2e, f) and established the eastern
channel in upper SZY by the 2000s (Figure 2c). Sub-
sequent Phase IV (11.5 m depth) further deepened the
western Humen Inlet section (Figure 2d). To accommo-
date 50,000 deadweight tonnage (DWT) vessels, Phase
V (2004 onward: 13.0 m depth) triggered pronounced
deepening in outer/inner LDB’s western channels (Figure
2e, f), Humen Inlet’s eastern side (Figure 2d), and upper
SZY’s eastern channel (Figure 2c). Concurrently, the
Tonggu Navigation Channel’s construction necessitated
328.2 million m> of capital dredging. The final Phase VI
(achieving 17.0 m depth for 120,000 DWT vessels) imple-
mented between 2014 and 2017 substantially deepened
the West Channel and Tonggu Channel in outer LDB
by the 2020s (Figure 2f). Subsequently, channel dredging
standards have been sustained at 17.0 m, while anthro-
pogenic activities (including channel dredging and sand
mining) were prohibited after 2017.

Channel dredging and land reclamation induced rapid
accretion with a net souring rate of - 24.32 x 10% m?/yr
from 1960s to 2020s in LDB, comprising a deposition rate
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Table 2. Erosion and deposition from 1960s to 2020s in different
areas of BIC system.

Lingding Humen
Bay Inlet Shiziyang
Erosion Volume (106 m3/yr) —65.35 0.35 —1.80
Area (106 m?) 10.56 7.57 3.13
Deposition  Volume (10% m3/yr) 41.03 0.56 1.37
Area (106 m2) 9.36 13.94 2.97
Net Volume (10° m3/yr) ~ —24.32 0.21 —043
Rate (cm/yr) —1.22 1.00 —0.71

of 41.03 x 10° m®/yr and an erosion rate of - 65.35 x 10°
m?/yr (Figure 3a and Table 2). This morphodynamic pat-
tern reflects anthropogenically accelerated channel deep-
ening progressing at 1.22 cm/yr. Conversely, the Humen
Inlet exhibited net siltation (0.21 x 10® m3/yr), resulting
from the balance between 0.56 x 10® m3/yr deposition
and - 0.35 x 10° m?/yr scouring, demonstrating con-
current severe siltation coupled with intense scouring.
Moreover, Figure 3(a) reveals that the SZY manifested
net erosion (—0.43 x 10 m?/yr), with 1.37 x 10% m3/yr
deposition and - 1.80 x 10° m3/yr erosion, exhibiting
distinct spatial patterns of eastern erosion versus western
deposition.

In addition, the inner LDB (28-80 km) underwent
dramatic narrowing (peaking 83.69% reduction near
HI at y = 76 km) and significant deepening (118.93%
increase from 4.19 m to 10.75 m at y =72 km)
between the 1960s-2020s (Figure 3b-d). In contrast, the
outer LDB experienced relatively minor width changes
but notable shallowing (maximum depth reduction of

21.58%), except for localized deepening in Tonggu Chan-
nel (Figure 1c). The constrained Humen Inlet area (80-90
km) maintained relative stability with lower narrowing
rates, while still showing 42.87% maximum deepening.
Similarly, the SZY displayed substantial morphological
changes, with 48.62% maximum narrowing (y = 113
km) and 54.29% peak deepening. These differential
responses reveal a clear spatial segregation, wherein the
inner LDB and SZY underwent concurrent narrowing
and deepening, in contrast to with the outer LDB’s pre-
dominant shallowing trend.

3.2. Variations of extreme high water levels

To quantify the spatiotemporal evolution of extreme high
water level(s) in the Bay-Inlet-Channel (BIC) system
within the Greater Bay Area under compound flooding
conditions, we analysed the annual maximum (AM) val-
ues from 1965 to 2017 at three representative stations:
Hongkong (LDB mouth), Hengmen (western LDB),
and Huangpu (upper tidal reach in SZY). The analysis
demonstrates significant amplification of annual max-
imum of extreme measured water level (AM-EMWL)
(Figure 4a), with upper stations exhibiting 2.5-3 times
faster increasing rates (s2 = 0.65 cm/yr and s3 = 0.56
cm/yr) compared to the mouth (sl =0.22 cm/yr),
reflecting combined regional sea-level rise and morpho-
logical adjustments. These results reveal an increasing
trend in extreme high water level(s) across the Greater
Bay Area, with landward-amplified rising rates posing
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Figure 5. Spatiotemporal variations of storm surge intensity (a) and exceedance severity (b)

significant threats to levee safety and increasing flood risk
in the upper SZY.

Regarding the flood risk components, the annual max-
imum of astronomical high tide (AM-AHT) series show
contrasting spatial patterns (Figure 4b), with Hongkong
station displaying a slight decrease (s1 = —0.09 cm/yr)
while both upper stations demonstrate increases (s2 =
0.23 cm/yr, s3 = 0.25 cm/yr), suggesting enhanced tidal
dynamics in the inner LDB and SZY regions. The annual
maximum of maximum storm surge (AM-MSS) time
series exhibit distinct spatial variation (Figure 4c), with
comparable increasing rates in LDB (s1 = 0.46 cm/yr,
s2 = 0.47 cm/yr) but decreasing trends (s3 = —0.28
cm/yr) in the upper SZY, highlighting fundamentally
different surge generation and propagation mechanisms
between the convergent bay and tidal channel environ-
ments. Notably, annual maximum of extreme skewed
surge (AM-ESS) analysis shows system-wide decreas-
ing trends that intensify landward (Figure 4d), with
Huangpu’s reduction rate (—0.27 cm/yr) being 13.5 times
greater than that of Hongkong station (—0.02 cm/yr),
implying diminished storm-tide interaction effects, par-
ticularly in the inlet-channel (from Humen inlet to SZY)
subsystem.

3.3. Assessment of flood risk

3.3.1. Spatiotemporal variations of flood risk

Following China’s national standard GB/T 39418-2020,
we assessed the spatiotemporal variations of flood risk
based on annual maximum extreme measured water

levels, revealing lower risk in the outer Lingding Bay
(LDB) but elevated risk in the inner LDB and Shiziyang
(SZY) regions (Figure 5). The surge intensity in the
BIC system exhibited significant intensification from
the 1960s to 2010s, as evidenced by the classifica-
tion upgrades from Medium (IV) to Moderate (III) at
Hongkong station, from Moderate (III) to Extreme (I)
at Chiwan station, and from Strong (II) to Extreme
(I) at inner LDB and SZY stations (Hengmen, Nan-
sha, Shishengwei and Huangpu), with Hongkong sta-
tion demonstrating this transition earliest in the 1970s
and Huangpu station exhibiting the latest in the 2000s
(Figure 5a). Regarding exceedance severity, Hongkong
station transitioned from no risk in the 1960s to Mod-
erate (III) in the 2010s, while other stations progressed
from Medium (IV) to Strong (IT) during the same period
(Figure 5b). These results indicate significantly increased
coastal flood hazards in the BIC system during the 2010s
compared to the 1960s under frequent human interven-
tions, particularly in eastern LDB and Deep Bay, where
morphological changes caused by land reclamation and
channel dredging have most substantially compromised
water security in Hong Kong, Shenzhen, and Dongguan
cities within the Greater Bay Area.

3.3.2. Estimation of extreme high water return levels

Implementation of the Water Security Plan for the
Guangdong-Hong Kong-Macao Greater Bay Area estab-
lishes tidal defense capacity benchmarks, mandating
Guangzhou and Shenzhen to achieve protection standards
exceeding the 200-yr return period (in years) by 2025
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Figure 6. Spatial distribution of extreme high water return levels in the BIC system.

(with 100-yr return period requirements for other Pearl
River Delta cities), escalating to 300-yr and 200-yr return
periods (in years), respectively, by 2035. To evaluate these
targets, we estimated the extreme high water return lev-
els (1965-2017) from eight tide gauge stations using a
calibrated max-stable process model. Unobserved loca-
tions were interpolated via distance-weighted averaging,
followed by Monte Carlo simulation (10,000 synthetic
annual maximum extreme water level time series) with
temporal reshuflling to preserve spatiotemporal variabil-
ity. This framework generated spatial distributions of
extreme high water return levels across the BIC system
in the Greater Bay Area (Figure 6).

The assessment of 200-yr and 300-yr return levels
demonstrated that the mean values exhibited a progres-
sive increase from 2.87 m in the LDB to 3.26 m in HI and
3.40 m in SZY for the 200-yr return period (Figure 6a),
with corresponding values of 3.03, 3.43, and 3.57 m for
the 300-yr return period (Figure 6b). Both return peri-
ods exhibited a consistent spatial pattern (Figure 6a, b),
where western estuarine locations (3.10 m at Hengmen
station for 200-yr return periods) consistently yielded
higher values than eastern sites (2.64 m at Chiwan station
for 200-yr return periods). Of particular significance, the
estuary mouth of LDB (2.32 m at Hongkong for 200-
yr return period) and upper SZY (3.49 m at Huangpu
for 200-yr return period) represented the minimum and
maximum observed values, respectively, demonstrating
an inland-increasing trend for extreme high-water level
and suggesting a higher storm surge risk in the upper
reaches of the BIC within the Greater Bay Area.

4. Discussions
4.1. Driving factors of increasing flood risk

Rising sea levels (2.9 4+ 0.2 mm/yr), driven by climate
change, have been shown to amplify flooding risks

through complex nonlinear processes (Idier et al., 2019;
Yang et al., 2021). Simultaneously, anthropogenic activi-
ties have become a dominant forcing factor in the mor-
phodynamic evolution of estuaries (Hoitink et al., 2020),
as evidenced by studies on human-altered in estuar-
ine morphodynamic thresholds of the Yangtze Estuary
(Wang et al.,, 2015; Zhu et al,, 2025) century-scale land
reclamation effects in Ems Estuary (Schrijvershof et al.,
2024). In the Pear] River Estuary (PRE), channel dredging
and land reclamation represent the dominant anthro-
pogenic interventions (Cai et al., 2019; Wei et al., 2021).
Under the combined forcing of sea-level rise and human-
induced morphodynamics and their nonlinear interac-
tions, the BIC system exhibit distinct spatial response pat-
terns on extreme measured water levels (EMWL). Quan-
titative analysis of long-term variations in astronomi-
cal high tide (AHT) and maximum storm surge (MSS),
integrated with morphological changes attributable to
human activities, reveals the key factors governing these
differential responses (Figure 7).

In the outer LDB (represented by Hongkong station),
despite channel dredging occurrences in the Tonggu
Channel, net deposition prevailed (Figure 3a), resulting
in channel narrowing (evidenced by maximum depth
decreasing by 21.58% as shown in Figure 3d) and astro-
nomical high tide (AHT) attenuation (—0.15 cm/yr at
Hongkong station, presented in Figure 4b). Meanwhile,
sea-level rise contributes to increasing maximum storm
surge (Calafat et al., 2022), with the maximum storm
surge magnitude increasing at a rate of 0.47 cm/yr at
Hongkong station (Figure 4c). The opposing trends of
astronomical high tide (AHT) and maximum storm
surge (MSS), superimposed on rising mean sea level (0.21
cm/yr see Figure S2 in Supplementary material), led to
a slight increase in extreme measured water level (0.22
cm/yr at Hongkong station, Figure 4a), whereby non-
linear interactions between these components yielded
limited compound flooding amplification.
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Figure 7. Schematic diagram of the mechanisms of flood risk evolution in the BIC system under anthropogenic forcings from channel

dredging and land reclamation.

In contrast, the inner LDB experiences more pro-
nounced extreme measured water level increase (0.65
cm/yr at Hengmen station, Figure 4a) due to channel
dredging and sand mining that established an erosional
regime (Figure 3a) with significant deepening (maxi-
mum depth increase of 118.93% shown in Figure 3d),
elevating astronomical high tide (0.28 cm/yr at Hengmen
station, Figure 4b). Concurrently, reclamation-induced
narrowing combined with sea-level rise (0.21 cm/yr, refer
to Figure S2 in Supplementary material) enhance surge
amplification (0.46 cm/yr at Hengmen station, Figure
4c), with the synergistic effects of tidal amplification
and surge intensification driving substantial compound
flooding escalation.

In the SZY region, the moderate extreme measured
water level (EMWL) increase (0.56 cm/yr at Huangpu
station, Figure 4a) corresponded to channel deepening
(maximum depth increase of 54.29% shown in Figure
3d) that promoted tidal amplification (AHT 0.41 cm/yr)
through reduced bottom friction, surpassing the sea level
rise of 0.24 cm/yr (Figure S2 in Supplementary mate-
rial). However, enhanced energy dissipation at HI atten-
uated maximum surges (Wu et al., 2018), manifesting
as a decreasing rate of — 0.19 cm/yr at Huangpu sta-
tion, partially counterbalancing the tidal influence and

resulting in an intermediate rate of compound flooding
intensification relative to inner LDB.

These results elucidate the differential modulation
of extreme measured water level (EMWL) responses
across the BIC system by anthropogenic morphodynamic
alterations and sea-level rise. Critically, these hydro-
dynamic responses emerge not merely from the lin-
ear superposition of astronomical high tides, extreme
storm surges, and sea-level rise components, but rather
through their nonlinear synergistic interactions. The spa-
tial heterogeneity in EMWL forcing mechanisms man-
ifests through three distinct regimes: the outer LDB’s
deposition-dominated regime generated minimal com-
pound flooding changes, while the inner LDB’s erosion-
surge coupling drove maximum increases, and the SZY’s
depth-controlled dynamics combined with HI linkage
effects yielded intermediate trends. These results provide
mechanistic understanding of flood risk evolution under
persistent morphological changes.

4.2. Contributions of dredging and reclamation

To further systematically quantify the effects of dredging
and reclamation on extreme highwater levels magnitude
and propagation characteristics, we employed a validated
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Delft3D-FM numerical model (Figure S6 and Figure
S7 in Supplementary material) to simulate morpholog-
ical changes between the 1960s and 2010s under the
2017 Hato storm surge conditions, representing the most
severe surge event recorded in the past six decades.

The simulation results reveal that land reclama-
tion intensifies tidal convergence, resulting in elevated
extreme high water levels (Figure 8a), with maximum
amplification (9.61%) occurring in the inner Lingding
Bay and progressively diminishing effects in the upper
tidal reach (SZY). However, reclamation activities delay
extreme high-water level propagation, as evidenced by
increased time lags relative to the Hong Kong refer-
ence station, particularly with a 0.5 h delay observed in
western Lingding Bay (Figure 8e). Conversely, channel
dredging attenuates extreme high-water level in Lingding
Bay and Humen Inlet, with a maximum decrease of -
3.33%, while increasing levels in the Shiziyang tidal reach
(Figure 8b). The increased water depth from dredging
reduces bottom friction (Familkhalili & Talke, 2016),
thereby accelerating extreme high-water level propaga-
tion (Figure 8f). These findings demonstrate opposing
flood risk impacts between dredging and reclamation
operations.

The synergistic effects of channel deepening and
width narrowing exacerbate flood risk through ele-
vated water levels (Figure 8c), with faster propagation

in outer Lingding Bay but slower progression in inner
Lingding Bay and Shiziyang (Figure 8g). The combined
effect analysis reveals greater extreme high water lev-
els differences in the middle Lingding Bay and upper
Shiziyang reach compared to the superposition of indi-
vidual reclamation and dredging impacts (Figure 8d),
along with faster propagation in the BIC system (Figure
8f). This indicates that nonlinear interactions between
dredging and reclamation processes lead to synergistic
effects that significantly amplify flood risk beyond what
would be expected from simple linear addition of indi-
vidual impacts, demonstrating how concurrent engineer-
ing interventions modulate the system’s hydrodynamic
response through complex interactions between altered
channel geometry, tidal dynamics, and energy dissipation
patterns.

4.3. Optimization of flood risk estimation

Conventional flood risk related to levee security was
underestimated due to the limitation of measured water
level data and failure to account for spatiotemporal tidal
variations from both natural and anthropogenic causes
(Zhuge et al., 2024), as evidenced by the 200-yr return
level at Nansha station in 2011 (2.86 m) being 0.41
lower than current result (Figure 6a). Conversely, tra-
ditional estimation methods frequently overestimated
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Figure 9. Spatial distribution of optimized extreme high water return levels hyfor (a) 200-yr and (b) 300-yr return periods in the BIC

system.

flood risk by up to 30% by neglecting tide-surge interac-
tions (Arns et al., 2020). To overcome this limitation, we
developed an improved framework of optimized extreme
high water level hys = hr + h(ss, esti) to incorporate spa-
tiotemporal dependence and tide-surge interactions. In
this formulation, ht represents percentile-based charac-
teristic astronomical tides (5th for declining, 95th for
rising trends) derived from annual maximum astronom-
ical high tide analysis of gauging stations (e.g. Figure
7b), while h(ss, estiy incorporates skew surges estimated
via max-stable model (Figure S8 in Supplementary mate-
rial). This approach eliminates biases from direct surge-
tide superposition while accounting for morphological
changes, thereby avioding overestimation at locations
with declining tides (e.g. Hongkong station) and prevent-
ing underestimation where tides are rising (e.g. Huangpu
station).

The proposed methodology demonstrates consistent
performance across different return periods. For water
levels associated with the 200-yr return period, the hps
averages reached 3.09 m in Lingding Bay, 3.56 m in
Humen Inlet, and 3.66 m in Shiziyang, exceeding extreme
measured water level by 0.21 m overall (Figure 9a), with
the maximal difference at Shishengwei station (4-0.43
m). For the 300-yr return period, hps values averaged
0.23 m above extreme measured water level, notably at
Huangpu station with 3.99 m and exceed 0.33 m (Figure
9b). Validation against Guangzhou Hydrology Bureau
and previous study (Pan, 2024) for 200-yr return periods
confirmed method reliability (Nansha station hps: 3.57 m
vs. official 3.39 m and Pan’s 3.77 m), demonstrating effec-
tive integration of morphodynamic changes for flood risk
assessment in the Greater Bay Area. The spatial patterns
reveal diminished flood risk in tidal-decline zones (e.g.
Hongkong station) versus elevated risks in rising-tide
regions.

4.4. Futurerisks under sea-level rise strategies

Beyond anthropogenic influences, the escalation of
extreme water levels associated with sea-level rise (SLR)
present significant concerns (Moftakhari et al., 2017; You
etal,, 2024). This phenomenon accelerates the frequency
of currently rare extreme sea levels and differentially
modifies storm surge characteristics (Ma et al., 2022;
Stephens et al., 2020). We consequently evaluate future
extreme high water levels based on projected SLR sce-
narios from the IPCC Sixth Assessment Report (IPCC,
2023), using maximum observed extreme water levels as
baseline (Table S2 in Supplementary material).

Figure 10(a,b) demonstrate that by 2150, extreme high
water levels may attain 2.57, 2.81, and 3.21 m at the bay
mouth (Hong Kong), and 3.32, 3.55, and 3.97 m in inner
Lingding Bay (Chiwan) under the three selected IPCC
scenarios. The western Lingding Bay exhibits more pro-
nounced increases, projected to reach 3.69, 3.92, and 4.33
m at Hengmen station (Figure 10c). Notably, Shiziyang
(Shishengwei, Figure 10e) may experience levels of 3.76,
4.00, and 4.40 m, while the upper tidal reach (Huangpu)
could achieve 3.71, 3.92, and 4.36 m by 2150, pos-
ing severe flood risk to major metropolitan areas like
Guangzhou (Figure 10f).

We additionally project the timeline for extreme high
water levels to exceed existing protection standards (opti-
mized 300-yr return levels shown in Figure 9b) across
Greater Bay Area stations. Under SSP5-2.6, Chiwan will
probably exceed protection thresholds first in 2120, fol-
lowed by Nansha in 2140. The SSP5-4.5 scenario shows
Chiwan exceeding standards by 2090, with Hong Kong
and Nansha following suit in 2100, and Hengmen and
Shishengwei in 2120 and 2130 respectively. For SSP5-
8.5, outer Lingding Bay would exceed thresholds by 2080,
inner Lingding Bay by 2090, and the upper tidal reach
(SZY) by 2120. These projections suggest that inner
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Figure 10. Estimation of extreme high water level under IPCC sea level rise scenarios: SSP1-2.6 (low), SSP2-4.5 (intermediate), and SSP5-

8.5 (very high).

Lingding Bay confronts the highest imminent flood risk
under SLR, while the upper tidal reach maintains relative
security.

Based on upon morphodynamic evolution, storm
surge classification, risk distribution analysis and the pro-
jected future flood risk, priority adaptive strategies for
BIC in the Greater Bay Area are hierarchically struc-
tured as follows. First, the outer LDB exhibits moderate
storm intensity (95th percentile) with declining extreme
water levels, enabling Hong Kong to maintain existing
defenses while dictating Zhuhai-Macao to upgrade west-
ern LDB seawalls to accommodate 2.44 m optimized
extreme high water levels for 300-yr return period. Con-
versely, the inner LDB confronts severe risk, mandating
elevated seawall standards (Chiwan: 3.14 m; Hengmen:
3.69 m; Nansha: 3.79 m) and implementing integrated
flood-surge management. The SZY region demonstrates
heightened vulnerability with frequent strong storms
and rising extremes, necessitating substantial optimized
extreme high-water level upgrades (Shishengwei: 3.88
m; Huangpu: 3.99 m) to counter funnelling effects and
upstream flood risk.

Systematic flood risk evaluations have identified crit-
ical infrastructure gaps, compelling immediate govern-
ment intervention. Comprehensive vulnerability assess-
ments must be conducted to evaluate existing seawall
capacity against surge-induced water level increases,

followed by prioritized reinforcement and reconstruction
initiatives to achieve 2035 Greater Bay Area resilience
standards (300-yr return period). Strategic focus should
target high-risk zones (western LDB and SZY), where
optimized hps predictions surpass original design bench-
marks by 0.33-0.47 m, a discrepancy attributable to inten-
sifying tidal dynamics and extreme weather patterns.
These measures are essential for safeguarding the region
against escalating hydrodynamic threats while meeting
evolving water security requirements.

5. Conclusions

Frequent estuarine engineering represents critical deter-
minants of flood risk, whereas our understanding of
their impact on extreme high water levels remain lim-
ited. In this study, we employed an integrated approach
combining GEV and max-stable models to systemati-
cally assess flood risk variations in the Bay-Inlet-Channel
system of the Greater Bay Area. Hydrodynamic analysis
elucidated the spatially heterogeneous trends in extreme
high water levels, whereas numerical modelling quanti-
fied the specific contributions of channel dredging and
land reclamation. The principal findings reveal:

(1) Morphological changes induced by estuarine engi-
neering, particularly channel dredging and land



reclamation, have significantly elevated extreme
high water levels and intensified storm severity
across the Greater Bay Area.

(2) Depositional processes attenuating tidal range have
moderated flood risk acceleration at the bay mouth
(0.22 cm/yr), whereas channel deepening and nar-
rowing resulting from intensive dredging and recla-
mation have driven more rapid increases in the inner
bay (0.65 cm/yr), and the upper tidal reach exhibit-
ing intermediate trends (0.56 cm/yr) due to energy
dissipation through Humen Inlet.

(3) Optimized extreme high water level projections
establish scientific foundations for levee design and
facilitate estimation of temporal thresholds when
water levels exceed 300-yr return levels under three
sea-level rise scenarios.

This study addresses a crucial knowledge gap concern-
ing how channel dredging and land reclamation amplify
flood risk in mega-bay systems, providing scientific guid-
ance for future flood risk management in the densely
populated Greater Bay Area. However, the mechanisms
governing compound water level variations (incorporat-
ing tides, runoff, and other factors) under anthropogeni-
cally modified morphological changes require further
investigation. Future research should extend to encom-
pass the complex Pearl River Estuary network to develop
a more comprehensive understanding of these hydrody-
namic interactions.
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