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Abstract The Pearl River Delta represents a tide-influenced lowland delta where sand mining has
deepened the distributary channels. This study sets out to investigate the impacts of channel deepening on
peak water levels across the delta. Based on collected hydrological data before and after sediment mining and
hydrodynamic modeling, three regions are identified where sand mining-induced changes in peak water levels
have a different underlying cause. In the river-dominated regions, peak water levels have significantly decreased
because of the sand excavation, and thus the associated flood risk was reduced. In a transition region, the sand
mining practice has increased peak water levels. In the tide-dominated coastal region, the changes in peak water
levels follow the rise in sea level and respond to human activities such as land reclamation. To understand
the underlying mechanisms, the changes of subtidal friction governing tidal dynamics before and during sand
mining are explored, and a simple linear regression model is used to predict subtidal water levels governing
peak flood levels. Results from the hydrodynamic model and the linear regression models quantify exactly
how the direct effect of channel bed lowering, river-tide interaction, tidal amplification, and sea level rise have
contributed to peak water level change, which offers a new analysis framework that can be applied in other
systems.
Plain Language Summary In the Pearl River Delta, sand mining has been widespread, which
has consequences for the interaction between tides and river discharge. In this study, we investigate the
consequences of sand mining on peak water levels. We demonstrate that only in the upper part of tidal rivers
do peak water levels decrease, whereas in the transition zone and closer to the coast they increase. The increase
in the transition region, where the effect of sea level rise is minor, may be attributed to amplified tides, which
obstruct the river discharge. Whereas the consequences of sea level rise are high on the political agenda, the
impacts of sand mining are less known, while being similar in magnitude. The increase of peak water levels in
the transition region should be a concern to flood management departments.
1. Introduction
Deltas are among the most prosperous and densely populated areas in the world (Syvitski & Saito, 2007). With
the development of society and the economy, there exists an increasing concern about the long-term impacts of
human activities on delta environments (Hoitink et al., 2020). The nonlinear interaction of river discharge waves
with tides, coupled with the influence of human activities, creates complexity in water level dynamics in space
and time (Buschman et al., 2009, 2010, 2013; Sassi et al., 2011, 2012). Among those human activities, channel
embankment projects (e.g., Elbe River, Scheldt River), sand mining (e.g., Loire River, Mekong River), and dredging (e.g., Mississippi, Rhine, Yangtze River, Ems River) have a great impact on the evolution of deltas, and often
lead to channel deepening (Chen et al., 2005; Doan et al., 2021; Mas-Pla et al., 1999; Pinter et al., 2004; Vellinga
et al., 2014; Winterwerp et al., 2013; Zhang et al., 2009).

© 2022. The Authors.
This is an open access article under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

BAO ET AL.

Large-scale assessments have yielded insights into how a delta system may respond to channel deepening. Luo
et al. (2007) found that water levels in the upper parts of the Pearl River Delta were lower for the same discharge,
or, putting it differently, a higher discharge was needed to maintain the same water level after channel deepening.
Doan et al. (2021) found that the water levels decreased in the upper Mekong Delta, but increased in the middle
parts after riverbed incision. This phenomenon also occurs in non-deltaic estuarine settings. Ralston et al. (2019)
studied variations in water levels based on observations and numerical simulations in parts of New York Harbor
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and the tidal Hudson River. They concluded that channel deepening can lead to bigger tides and less flooding, and
decreases the overall risk of flooding in the upper Hudson River. Meanwhile, the middle parts have an increasing
trend in mean high water level (MHWL).
The Pearl River Delta has been greatly altered by the urbanization of its immediate area. The delta channels have
been subject to serious sand excavation, channel reconstruction, and land reclamation since the 1980s, which
resulted in channel deepening (Cai et al., 2012; Luo et al., 2007). During the flood in June 1994, water levels
in the middle and lower reaches of the delta were clearly set up (Liu et al., 2003), whereas at Sanshui station,
in the upper part of the delta, peak flood elevations lowered when the flow was the same as that in 1989 (Luo
et al., 2007). This phenomenon motivated us to reconsider the processes relating extreme water levels to channel
deepening.
Delta channels have both oscillatory and steady gradients along the water surface, which are controlled by the
interactions between river flow and tides (Sassi & Hoitink, 2013). These interactions proceed from the balance
between the pressure gradient and friction terms in the momentum equation (Buschman et al., 2009; Godin, 1999;
Hoitink & Jay, 2016; LeBlond, 1978). In the upper parts of deltas, where tides are weak, the freshwater outflow
dominates and tidal flow can be considered to be superimposed onto the river discharge (LeBlond, 1978). Closer
to the coast, where the tidal amplitude is large compared to the total water depth, the tidal motion and the river
discharge interact, such that the tide-averaged water level may increase while the river discharge drops, and vice
versa (Buschman et al., 2009).
Since the introduction of horizontal acoustic Doppler current profilers (H-ADCPs), it became feasible to collect
continuous discharge data (Hoitink et al., 2009; Le Coz et al., 2008; Nihei & Kimizu, 2008) to unravel the
underlying mechanisms. Based on continuous discharge data, Buschman et al. (2009) decomposed the friction
term into a residual flow term (largely governed by the river discharge), a river-tide interactions term, and a tidal
asymmetry term, and developed a simple regression model for the residual water levels in the Berau River. Sassi
and Hoitink (2013) applied the model to reconstruct the subtidal water level in the Mahakam River, and Guo
et al. (2015) built a linear regression equation between subtidal water levels and total subtidal friction, indicating
the control of subtidal friction on subtidal water level variations in the Yangtze River. In this contribution, we
employ this theoretical framework to analyze flood level variation in the Pearl River Delta.
The main objective of this work is to better understand the response of flood levels to channel deepening. For
this purpose, we (a) investigate the spatially varying peak water level trends caused by channel deepening and
compare peak water levels before and during the sand mining period based on gauged water levels over the past
52 years, (b) analyze the subtidal momentum balance to explain the mechanism causing changes in flood levels as
a function of distance to the coast, and (c) divide the delta into homogeneous regions to facilitate decision-making
strategies.

2. Materials and Methods
2.1. Study Area
Located in southeastern China, the Pearl River Delta is one of the largest deltas in Southeast Asia, with a complex
system of channels (Figure 1). The three main tributaries are the North River, the West River, and the East River,
with mean annual flow discharges of 7,124, 1,465, and 719 m 3/s, respectively (Cao et al., 2020). Freshwater
enters the South China Sea (SCS) through eight outlets spread across the delta, with relatively uniform flow rates
across each branch (S. R. Zhang et al., 2008). Tides in the Pearl River Delta are primarily governed by the tidal
motion in Luzon Strait separating the SCS from the Pacific Ocean (Ye & Preiffer, 1990), resulting in a mean tidal
range of 1.0–1.7 m and a semi-diurnal mixed tidal regime in the Lingding Bay (Mao et al., 2004).
Since the Reform and Opening Up (1978) in China, cities around the Pearl River Delta have developed rapidly (X.
Q. Xu & Li, 2009). The growth of the cities created a massive demand for sand and gravel. Since the 1980s, the
channel network has suffered from large-scale and long-term sand excavation, which peaked in 1995, resulting in
channel deepening in the Pearl River Delta. After 2000, the government recognized the negative impact of sand
excavations and began to regulate the activities (Luo et al., 2007). The sand excavation caused the riverbed of the
main channels of the West River, the North River, and the East River to be lowered by 0.59–1.73, 0.34–4.43, and
1.77–6.48 m, respectively (Luo et al., 2007).
BAO ET AL.
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Figure 1. Channel network and the locations of hydrologic stations in the Pearl River Delta.

2.2. Data Overview
For each 24.84 hr period (the period of a diurnal tide), the data series included two high and two low water levels,
and the data was digitized from the People's Republic of China's hydrological yearbooks. The water levels of
eight tidal stations in the main channels of the West River and the North River in the period 1961–2012 were
analyzed. Figure 1 illustrates the positions of the tide gauges. Maliuzhou station was partly replaced by Huangjin
station for reasons of data availability, which is justified by the fact that these two stations exhibit similar dynamic
characteristics. The water level data was trigonometrically interpolated to 1-hr intervals for harmonic analysis,
adopting the method by Zhang et al. (2018). After the outliers in the data series were removed, the data and values
with false jumps were subjected to quality checks, and faults are detected by visual inspection.
2.3. Probability Density Functions
The evolution of extreme water levels in deltas under the influence of human activities has attracted extensive
attention. Methods for estimating extreme water levels include the classic annual maxima method (Gumbel, 1958;
Jenkinson, 1955), the r-largest events method (Smith, 1985; Tawn, 1988), the Monte Carlo Method, the Empirical
Simulation Technique (Scheffner et al., 1996), and the joint probability method (Pugh & Vassie, 1978, 1980).
Isolating the impact of human activities on delta processes is challenging, because many factors may contribute
to the trend of extreme water levels. Among those, tides (Jay et al., 2015), river discharge waves (Cai et al., 2015),
and storm surge events (Condon & Sheng, 2012; Kuiry et al., 2014) are the most influential. Storm surge events
BAO ET AL.
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occur infrequently and are irregular in character (Yang, 2000), which hampers
direct analysis of the effect of channel deepening on the most extreme water
levels from several decades of water level data. However, in the Pearl River
Delta, channel deepening impacts on the trend of extreme water levels are
dominated by the continuous effects on tidal dynamics, on the water level
response to river discharge variation, and on the interaction between river
discharge variation and tides. The possible change in setup for a similar storm
surge before and after channel deepening is assumed subordinate, although
surge waves can potentially be amplified just like tidal waves. We establish
the effect of channel deepening by parameterizing the probability density
functions (pdfs) from water levels, following Vellinga et al. (2014). This
yields robust metrics which are then used for trend analysis. The approach
has the benefit of lowering irregular influences in water levels, such as storm
surges, making trends well-interpretable.
The pdfs are calculated from subsequent water level measurements (including two high and two low water levels in a diurnal tidal period-24.84 hr)
over 1-year cycles. Each pdf is separated into four segments, separated by
two peaks and one local minimum (Figure 2). The two peaks correspond to
Figure 2. A pdf of a time series of water levels (adjusted from Vellinga
et al., 2014). The four mass centroids for adjacent segments of the pdf,
the most commonly occurring high and low water levels, generated by tidal
separated by local maxima or minima, are marked by PLWL, Centroid 2,
waves. For each segment, the centroid is calculated. When tidal amplitudes
Centroid 3, and PHWL.
are large, four centroids exist. Among them, centroid 1 and centroid 4 in
Figure 2 are defined as the PLWL (pdf's low water level) and PHWL (pdf's
high water level), representing the most frequent peak low water level and
peak high water level, respectively. The peak water levels are governed by river flow and tides and reflect the
impact of channel deepening and sea level rise on the water level. The two peaks of the pdf are close to each other
when the tidal amplitudes decrease, and so do centroid 2 and centroid 3, suggesting smaller fluctuations in the
water level. When the tidal amplitude is negligible, the pdf has one peak and thus only PLWL (centroid 1) and
PHWL (centroid 4) are calculated.
2.4. The Continuous Wavelet Transform
A continuous wavelet transform (CWT) is used as a bandpass filter for water level time-series with a one-hour
interval. The CWT method can distinguish between various tidal species, such as diurnal (D1), semidiurnal (D2),
and quarter-diurnal (D4) waves. All the diurnal/semidiurnal/quarter-diurnal constituents are bundled together in
their respective groups called D1/D2/D4 tidal species (Jay, 1997). Band-pass filtered wavelet spectrograms are
used to extract the tidal range and velocity amplitude of the main tidal species in the Pearl River Delta.
2.5. Hydrodynamic Model
According to the subtidal equations of mass and momentum, there exists a balance between friction and surface
elevation gradient (Buschman et al., 2009). Therefore, subtidal friction has a strong control over mean water levels
(Guo et al., 2015). To obtain the continuous flow to analyze subtidal friction, and then evaluate the effects of
channel deepening on water levels, numerical simulations are conducted based on a 2D hydrodynamic model of
the Pearl River Delta (Ji & Zhang, 2020) calibrated for the periods prior to sand mining and during sand mining.
The model solves the unsteady shallow water equations derived from the Reynolds-averaged Navier-Stokes equations. The governing equations are integrated by an ADI (Alternating Direction Implicit) algorithm in the spacetime domain. A Double Sweep (DS) algorithm is applied to resolve the equation matrices.
The spatial extent of the model is shown in Figure 3. The model has 56,911 quadrilateral or triangular elements,
and the gird sizes vary from 50 to 2,000 m. The measured daily river discharge data from Gaoyao, Shijiao, Boluo,
Laoyagang, and Shizui stations are used as upstream boundaries (Figure 3). To reduce boundary influences, the
model domain stretches to 30 m of water depth at the seaward open boundary, where the hourly water level is
estimated by the triply-nested ocean circulation model of the China Seas (Ji et al., 2015).
BAO ET AL.
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Figure 3. Model performance during calibration for water levels (a) and discharges (b) in February 2001, and the validation of water levels (c) and discharges (d) in
July 1999. The positions of circles represent the hydrological stations for validation. The red line in plot (a) represents the model's outer boundary.

After calibration, the upstream channels have a Manning's roughness coefficient around 0.03 and the downstream
channels have a Manning's roughness coefficient around 0.015. Variation in bottom roughness can be explained
by sediment sorting from upstream to the estuary. A similar variation in roughness was adopted in the model
by De Brye et al. (2011) and Sassi et al. (2011). The horizontal eddy viscosity and diffusivity coefficients are
computed using the horizontal mixing scheme proposed by Smagorinsky (1963). Meanwhile, a wetting and
BAO ET AL.
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Figure 4. The process of removing the nodal cycle based on Zhuyin station.

drying algorithm is applied by shifting nodes on the boundaries to ensure that the water depth is always positive
across the domain. The minimum depth was set to 0.1 m.
To evaluate the model performance, the model skill scores (SS) is employed (Allen et al., 2007):
∑
(𝑋𝑚𝑜𝑑 − 𝑋𝑜𝑏𝑠 )2
𝑆𝑆
=
1
−
(1)
)2
∑(
𝑋𝑜𝑏𝑠 − 𝑋̄ 𝑜𝑏𝑠

Performance levels are categorized as: >0.65 (excellent), 0.65–0.5 (good), 0.5–0.2 (average), and <0.2 (poor).
We calibrated the model results with measured water elevation and discharge data from 14 stations in February
2001 (Figures 3a and 3b). During this period, the upstream boundary conditions were measured by the discharge
stations, and the offshore boundary conditions were estimated by the triply-nested ocean circulation model of the
China Seas. Then, the numerical model was validated by data collected in July 1999 in the same way (Figures 3c
and 3d). The performance levels of almost all the stations are excellent or good, and the model performance of
water levels is better than discharges. Some stations have a performance level “average” (blue dots in Figure 3b)
due to the simplification of the complicated topography in the 2D model.
2.6. Trend Analysis
The nodal cycle is the main long-term modulation of tidal parameters. It is caused by the precession of the lunar
ascending node that has a period of 18.61 years (Feng et al., 2015). To avoid the impact of nodal variation on
the trend analysis, a method called S_TIDE was used (H. Pan et al., 2018). S_TIDE is a new non-stationary tide
analysis tool developed on the basis of T_Tide. This new tool can separate oscillations in water levels, amplitudes,
and phases within a fixed frequency band. Figure 4 shows an example of the nodal modulation removal, based on
the Zhuyin station. The nodal variation in D1 amplitudes is much larger than that in PHWL. This is because each
tidal species has different phases (Pugh & Woodworth, 2014), which will weaken the overall change when they
are superimposed. Hence, although the nodal variation has a clear influence on amplitude variation, it has limited
influence on the trends in water level metrics based on the pdfs.
2.7. Analysis of Tide Propagation and Decomposing Subtidal Water Level Profiles
Tidal amplitudes vary as they propagate upstream, primarily due to changes in the cross-section geometry
(Green, 1838) and the effects of friction (Ippen, 1966). The convergence of width and depth typically increases
tidal amplitudes, while friction has an opposite effect (Jay, 1991). Convergence of depth decreases with the
increase of upstream water levels, and the relative change of depth has a weaker effect on tidal amplitudes than
the relative change of width of the same magnitude (Green, 1838; Jay, 1991; Kästner et al., 2019). Following
BAO ET AL.
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Ralston et al. (2019), we compared the exponential convergence length𝐴𝐴scale (𝐿𝐿𝑤𝑤 = 𝑊𝑊∕( 𝜕𝜕𝜕𝜕
)) with the frictional
𝜕𝜕𝜕𝜕
length scale (c/r) to compare the effects of friction and the
width
convergence,
where
W
is
channel
width, x is the
√
along-river distance, c is wave speed approximated
𝐴𝐴 by 𝑔𝑔𝑔𝑔 in shallow water without intertidal areas, H is the
mean depth,
𝐴𝐴 and 𝐴𝐴 is the linearized friction factor. By assuming the channel is wide and shallow when the hydraulic radius of the channel approximately equals channel depth, the linearized friction 𝐴𝐴
factor 𝐴𝐴 can be estimated by:
8 𝐶𝐶𝑑𝑑 𝑈𝑈
𝑟𝑟 =
(2)
3𝜋𝜋 𝐻𝐻

where
𝐴𝐴
𝐴𝐴𝑑𝑑 is a damping coefficient (Friedrichs & Aubrey, 1994),
𝐴𝐴 and 𝐴𝐴 is the amplitude of velocity. The tidal
amplitudes will increase
𝐴𝐴 if 𝐴𝐴𝑤𝑤 is much less than c/r; vice versa, it will decay exponentially when c/r is much less
𝐴𝐴 than 𝐴𝐴𝑤𝑤.
We analyze the differences in subtidal water level before and during sand mining based on the balance between
the pressure gradient and friction terms in the local subtidal momentum equation (Godin, 1999; LeBlond, 1978):
𝐶𝐶𝑑𝑑|𝑈𝑈 |𝑈𝑈
𝜕𝜕𝜕𝜕
𝑔𝑔
=
(3)
𝜕𝜕𝜕𝜕
𝐻𝐻

where 𝐴𝐴𝐴𝐴∕𝜕𝜕𝜕𝜕 represents the slope of mean water surface
𝐴𝐴
𝐴𝐴 and 𝐴𝐴 is the averaged flow velocity over a cross-section.
The flow velocity can be decomposed into four main species:
𝑈𝑈 = 𝑈𝑈0 + 𝑈𝑈1 cos (𝜔𝜔1 𝑡𝑡 + 𝜑𝜑1 ) + 𝑈𝑈2 cos (𝜔𝜔2 𝑡𝑡 + 𝜑𝜑2 ) + 𝑈𝑈4 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐4 𝑡𝑡 + 𝜑𝜑4 )
(4)
𝐴𝐴

where 𝐴𝐴0 is the subtidal velocity
𝐴𝐴
𝐴𝐴 and
𝐴𝐴 𝐴𝐴𝑖𝑖, 𝐴𝐴𝐴𝐴𝑖𝑖, and 𝐴𝐴𝑖𝑖 are tidal velocities, phases, and frequencies of tidal species
𝐴𝐴𝑖𝑖 (i = 1, 2, 4), respectively. Godin (1999) simplified the nonlinear product
𝐴𝐴
𝐴𝐴 |𝑈𝑈 | in the friction term using the
Chebyshev polynomial approach
(𝐴𝐴 = 𝑈𝑈|𝑈𝑈 | ≈ 𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 3). Following Buschman et al. (2009), S is decomposed
𝐴𝐴
into contributions from the river flow, river-tide interaction, and from tidal asymmetry:
𝑆𝑆𝑟𝑟 = 𝑎𝑎𝑎𝑎0 + 𝑏𝑏𝑏𝑏03
(5)
(
)
3
𝑆𝑆𝑟𝑟𝑟𝑟 = 𝑏𝑏𝑏𝑏0 𝑈𝑈12 + 𝑈𝑈22 + 𝑈𝑈42
(6)
2
)
3 (
𝑆𝑆𝑡𝑡 = 𝑏𝑏 𝑈𝑈2 𝑈𝑈12 cos (2𝜑𝜑1 − 𝜑𝜑2 ) + 𝑈𝑈4 𝑈𝑈22 cos (2𝜑𝜑2 − 𝜑𝜑4 )
(7)
4
𝑈𝑈|𝑈𝑈 | = 𝑆𝑆𝑟𝑟 + 𝑆𝑆𝑟𝑟𝑟𝑟 + 𝑆𝑆𝑡𝑡
(8)

where a and b are two constants that take values of 16/(15π) and 32/(15π), respectively;
𝐴𝐴
2𝜑𝜑1 − 𝜑𝜑2 is the phase
difference between diurnal and semidiurnal tidal species,
𝐴𝐴 and 2𝜑𝜑2 − 𝜑𝜑4 is the phase difference between semidiurnal and quarter diurnal tidal species; and subscripts r, rt, and t denote river, river-tide interaction, and tidal
asymmetry, respectively.
Preliminary analysis showed
𝐴𝐴 that 𝐴𝐴𝑡𝑡 is negligible and for this reason, it is not considered further in this manuscript. For channel sections in-between stations along the North River in the model domain, we calculate the
slopes of the mean water surface for the river only and river-tide contributions separately, according to:


𝑔𝑔

𝜕𝜕𝜕𝜕𝑟𝑟
𝐶𝐶 𝑆𝑆
= 𝑑𝑑 𝑟𝑟
𝜕𝜕𝜕𝜕
𝐻𝐻

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟
𝐶𝐶 𝑆𝑆
𝑔𝑔
= 𝑑𝑑 𝑟𝑟𝑟𝑟
(9)
𝜕𝜕𝜕𝜕
𝐻𝐻

where
𝐴𝐴
𝐴𝐴 is gravitational acceleration,
𝐴𝐴
𝐴𝐴𝑑𝑑 is damping coefficient and H is water depth, both obtained from the
hydrodynamic model.
𝐴𝐴
𝐴𝐴𝑟𝑟 and 𝐴𝐴𝑟𝑟𝑟𝑟 are calculated using tidal velocity amplitudes in the center of the channel sections
along the North River in between the monitoring stations, adopting the following procedure. The model output
in the center of the channel section is extrapolated to the entire section based on an approximation by Sassi and
Hoitink (2013), obtained from a linearized continuity equation:
(
)
𝑈𝑈𝑖𝑖 (𝑠𝑠) = 𝑈𝑈0,𝑖𝑖 exp 𝑅𝑅𝑖𝑖 𝑠𝑠′
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Figure 5. Liner trends of water level metrics filtered to remove effects of the nodal variations at the main channel of the West
River and the North River (a) before sand mining (1961–1985) and (b) during the sand mining period (1986–2012).

𝑅𝑖 = (𝐼𝑛|𝐷𝑖 | − 𝐼𝑛|𝐷0,𝑖 |)∕𝑠′
(10)

where 𝐴𝐴𝑖𝑖 is the damping coefficient of a tidal species;
𝐴𝐴
𝐴𝐴
𝐴𝐴′ is the distance to the center of the section, defined positive in the landward direction;
𝐴𝐴
𝐴𝐴0,𝑙𝑙 is the tidal velocity at the center of the section, calculated by the simulated
tidal velocity
𝐴𝐴
𝐴𝐴𝑖𝑖, obtained by bandpass filtering based on a CWT. With this extrapolation, the section averaged
velocity amplitude can readily be calculated.
We apply Equations 5, 6, 9, and 10 to calculate mean profiles
𝐴𝐴 of 𝐴𝐴
𝐴𝐴𝑟𝑟 and 𝐴𝐴𝑟𝑟𝑟𝑟 along the North River by starting from
the mean sea level at the coast, averaging over the period before and during sand mining, for the series of sections
in the North River in between the measurement stations. The mean sea level is obtained by averaging over the
periods before and during sand mining, using data from the China Sea Level Bulletin.

3. Results
3.1. Mean Water Level and Probability Density Functions
Zhang et al. (2009) show that most of the change points in trends of water levels occurred in the mid-1980s in
the West and North Rivers, which was based on a Pettitt test. This indicates that the effect of channel deepening
on water levels began approximately in 1985. The liner trends of water levels without nodal variations from 1961
to 1985 (before sand mining) and from 1986 to 2012 (sand mining period) are compared in Figure 5. The trends
of centroid parameters obtained from the water level pdfs (Figure 2) vary from region to region. For the seaward
stations, the increasing trends of PHWL are more obvious at the outlet of the North River (Wanqingshaxi station)
than at the West River (Huangjin station) before sand mining, which may be related to the landward width convergence of Lingding Bay. For inland stations, the decrease in tidal amplitudes transforms the double-peaked pdfs
into single-peaked pdfs, parameterized by only two centroids (PLWL and PHWL).
Trends in water levels vary spatially and temporally within the Pearl River Delta (Figure 5). Before sand mining,
the mean water level (MWL) in the upper part of the delta exhibits a gradual rise due to the block-out of many
small tributaries (Li, 1985). Other metrics also tend to increase with the rise of MWL. In seaward stations, MWL
rises at a rate that is similar to the rise of the mean sea level (0.27 cm/year) in the SCS (Peng, 2010).
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Figure 6. Water level return periods in the West River (left) and the North River (right) before sand mining (1961–1980, blue lines) and during the sand mining period
(1993–2012, red lines) using PHWL, as well as the evolution of main tidal species. Return periods are calculated based on exact 18.6 year periods before and during
sand mining, such that the nodal variation has a similar influence on the results. Shaded areas give 95% confidence intervals, and dot markers are unbiased regression
cycles based on sorted data. The central panel splits the Pearl River Delta into river-dominated, transitional and tide-dominated parts.

Under the influence of channel deepening, the changes in extreme water levels varied in different regions. In the
sand mining period, MWL, PLWL, and PHWL in the upstream station showed pronounced decreasing trends.
Strikingly, PHWL still shows an increasing trend in the middle part of the delta, which means that not only high
water levels are rising, but also the extremes. Meanwhile, MWL and PLWL decreased at Zhuyin station, while
MWL increased and PLWL decreased at the Sanshanjiao station, indicating that the changes in MWL did not
directly translate into a change in high and low water levels. MWL of Huangjin station increased more obviously
than that at Wanqingshaxi station in the sand mining period, which can be attributed to human activities, such as
land reclamation (L. Xu et al., 2018).
3.2. Peak Water Levels Variation With Tides Along the Delta
Based on the relationship between flow and tidal forces, which is controlled by channel morphology, deltas can
be subdivided into river-dominated regions, transition regions, and tide-dominated regions. Ji and Zhang (2020)
divided the Pearl River Delta into those three regions according to channel geometrical properties, which is
consistent with the spatial distribution of the trend of PHWL derived in this study (Figure 6). Figure 6 shows the
peak water level frequency curves and the tidal evolution at typical stations along the West River and the North
River. To identify the peak water level variation after channel deepening, the recurrence intervals for the periods
1961–1980 and 1993–2012 were calculated based on the PHWL metric. Both periods contain a complete 18.6year cycle and hence, the effect of nodal variation on the two periods was the same. The main diurnal (D1) and
semidiurnal (D2) tidal species were extracted based on CWT filtering.
Figure 6 shows water levels as a function of return periods for various stations in the Pearl River Delta, as well as
the amplitude development of the diurnal and semidiurnal tidal waves in time, which represent all tidal constituents in the diurnal and semidiurnal frequency bands in a single harmonic (respectively). In the river-dominated
region, the magnitudes of the 10 to 50-year recurrence interval events in the sand mining period are 1–2m less
than that before sand mining, and tidal amplitudes have risen considerably, indicating that channel deepening
BAO ET AL.
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Table 1
Comparison of the Convergence Length
(𝐴𝐴𝑤𝑤) and the Friction Length (c/r) in km
𝐴𝐴
West river
Makou-Nanhua
U (m/s)

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

Nanhua-Zhuyin

𝐴𝐴𝑤𝑤

c/r

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

Zhuyin-Huangjin

𝐴𝐴𝑤𝑤

c/r

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

c/r

𝐴𝐴𝑤𝑤

Before sand mining

0.4

0.004

120

101

0.0025

76.5

84

0.0014

54

65

Sand mining period

0.3

0.0037

108

118

0.002

81.5

96

0.0012

60

100

North River
Sanshui-Zidong
U (m/s)

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

Zidong-Sanshanjiao

𝐴𝐴𝑤𝑤

c/r

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

Sanshanjiao-wanqingshaxi

𝐴𝐴𝑤𝑤

c/r

𝐴𝐴

𝐴𝐴𝑑𝑑

𝐴𝐴

𝐴𝐴𝑤𝑤

c/r

Before sand mining

0.3

0.0063

41

13

0.003

59

18

0.0025

42

43

Sand mining period

0.2

0.005

41

54

0.0025

60

67

0.0022

50

74

leads to bigger tides and less peak water levels. Opposite to the river-dominated regions, the elevations of 10 and
50-year recurrence interval events in the transition regions in the sand mining period were 0.1–0.2 m greater than
those before sand mining. There are increased liner trends (significant at 95% significant level in Zhuyin station)
of tidal amplitudes after nodal variations are removed. These results show that channel deepening increased the
associated flood risk. In the seaward region, peak water levels increased. Sand mining may lead to increased tides
(Amin, 1983; Cai et al., 2012; DiLorenzo et al., 1993; Jay et al., 2011), and the combined effect of an amplified
tidal motion and sea-level rise has led to an increase in peak water levels.
3.3. Tidal Amplitude Change
The convergence lengths and friction lengths offer insight into the mechanisms that change tidal amplitudes.
Table 1 compares the two metrics for various locations in the delta. The damping coefficient
𝐴𝐴
𝐴𝐴𝑑𝑑 is estimated by
Manning's roughness coefficient
𝐴𝐴 n (𝐴𝐴𝑑𝑑 = ( 1𝑔𝑔 )2 , where g gravitational acceleration, h is water depth) used in
ℎ 6 ∕n

the model after calibration, and the velocity amplitudes are estimated by the numerical model.
Before sand mining,
𝐴𝐴
𝐴𝐴𝑤𝑤 was smaller than c/r from the river mouth to the Nanhua station in the West River, while
c/r is smaller𝐴𝐴than 𝐴𝐴𝑤𝑤 in the upper reaches, at Nanhua station. As a consequence, the trends of tidal amplitudes,
after removing the effect of the nodal cycle, increased from Zhuyin to Huangjin stations, whereas they decreased
at Makou station (Figure 6). The decrease in tidal amplitudes at Makou station is probably because of the impact
of the large-scale united embankment construction from the 1950s to the 1970s. The blockage of small tributaries
leads to the concentration of river flow in the upper parts, which increases the friction of river flow, impacting
tides. In comparison, the trends of tidal amplitudes at Huangjin station remained flat during the observations.
This can be explained by the fact that Huangjin station is located near the outlet of the delta, where the river
flow has weakened. In the West River, the increase of tidal amplitudes can mainly be attributed to the systematic
changes in the channel width convergence. As the distance from the river mouths increases, friction gradually
becomes dominant due to the decreasing convergence of channel width, resulting in a decrease in tidal amplitude.
This is different in the North River where c/r is less𝐴𝐴than 𝐴𝐴𝑤𝑤, before sand mining. The North River has higher
amplitudes at its seaward boundary, which corresponds to Lingding Bay. Lingding Bay is a 70-km-long funnelshaped estuary (J. Pan et al., 2014), where the strong width convergence leads to tidal enhancement. When tides
propagate from Lingding Bay into the North River, the continued effect of width convergence on the increase of
tidal amplitudes is overwhelmed by the increase of friction in the upstream direction, resulting in tidal attenuation.
After channel deepening,
𝐴𝐴
𝐴𝐴𝑤𝑤 is less than c/r both in the West River and in the North River, because friction
decreases with the increase of water depth. As a result, width convergence dominates, amplifying the tides.
However, the changes at Sanshanjiao station are not easily explained by the reduced friction. This is probably
because Sanshanjiao station is located at the part of the channel network that is connected with Lingding Bay
through several tributaries. Under the influence of inhomogeneous sand excavation (Zhang et al., 2009), the
BAO ET AL.
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complex morphology and hydrology cause energy dissipation during tidal propagation. Values
𝐴𝐴 of 𝐴𝐴𝑑𝑑 for the
channel were reduced due to excessive sand excavation, which caused a reduction of channel sinuosity and the
absence of sand waves (cf. Jay et al., 2011).
3.4. The Impact of Channel Deepening on MWL
In the river-dominated regions, MWL decreased. To investigate the influence of channel deepening on MWL, the
simplified tidally averaged momentum equation is employed (Ralston et al., 2019). The average flow velocity,
𝐴𝐴
𝐴𝐴,
has reduced in the sand mining period, due to the increase of water depth in the West River and the North River
(Mu, 2013). Hence, the MWL decreased due to the decrease in the slope of the mean water surface according
to Equation 3. On the other hand, the increase in water depth enlarged the tidal amplitudes, as explained in
Section 3.3. Consequently, the tidal amplification effect did not compensate for the reduction in mean river
slopes, causing the PHWL to decrease.
In the transition region, the response of MWL at Zhuyin and Sanshanjiao stations to channel deepening is different. The MWL at Zhuyin station decreased, whereas that at Sanshanjiao station has risen. Cao et al. (2020) proved
that different from Sanshanjiao station, the contribution of river discharge to water level variation at Zhuyin
station is greater than the contribution of the tidal motion. This is probably because of the comparatively high
discharge in the West River, which is more than three times that of the North River. Under high runoff, friction
responds linearly to tidal amplitude variation of the Zhuyin station, which is similar to the situation in river-dominated regions. Therefore, the rise of PHWL at Zhuyin station can be explained by the increase of tidal amplitudes,
outweighing the decrease of MWL caused by channel deepening.
At Sanshanjiao station, the detected behavior of MWL can be explained by subtidal friction variations based on a
total current decomposition. The expression for subtidal friction of the Sanshanjiao station is analyzed using the
simulated flow obtained from the hydrodynamic model. Figure 7a shows time-series of subtidal velocity from
the hydrodynamic model based on pre-sandmining and post-sand mining bathymetry, for simulations from 1961
to 1964 (the 1960s) and from 2008 to 2012 (2010s), respectively. It suggests that subtidal velocity decreased
by 0.03 m/s (15%) when the water depth increased 65% from 1961 to 1964 to 2008–2012. Obviously, as the
discharge remained roughly the same, the change of subtidal velocity is out of proportion to the drop of the riverbed. The discrepancy between the result and estimation from volume conservation is probably because of the fact
that the reported reduction in bed level is not equal to the change in average water depth.
Subtidal and tidal velocities were used to estimate the relative contributions of river flow, river-tide interaction,
and the tidal asymmetry to subtidal friction based on Equations 5–7. Figure 7b confirms that river flow and
river-tide interaction are the main factors of subtidal friction. Simple linear regression is performed to predict
the subtidal water level from river flow and river-tide interaction terms for the periods 1961 to 1964 and 2008 to
2012. The coefficient of determination,
𝐴𝐴
𝐴𝐴2, is 0.81. The predicted subtidal water levels match the measurements
well, indicating that subtidal friction has a strong impact on subtidal water level fluctuations (Figure 7c). In
essence, the pressure gradient in the transition region has to increase to balance the increase in friction caused
by river-tide interaction, thus MWL rises. In the sand mining period,
𝐴𝐴
𝐴𝐴𝑟𝑟𝑟𝑟 clearly increased whereas
𝐴𝐴
𝐴𝐴𝑟𝑟 decreased,
indicating
𝐴𝐴 that 𝐴𝐴𝑟𝑟𝑟𝑟 has gained a stronger control on the water level, compared to the situation before sand mining.
Figure 8 compares the model-based tidal velocity amplitudes for Sanshanjiao station before and during sand
mining, revealing the underlying causes of elevated subtidal friction.
The subtidal velocities from model simulations before and during sand mining were used to decompose the
averaged subtidal friction at Sanshanjiao station. The results show that compared with the situation before sand
mining, the river flow𝐴𝐴term (𝐴𝐴𝑟𝑟 ) decreased by 15%, the river-tide interaction𝐴𝐴term (𝐴𝐴𝑟𝑟𝑟𝑟) increased by 400%, and
the average subtidal friction increased by 35% in the sand mining period. As a result of the increased subtidal
friction in the sand mining period, the MWL increased, and MWL combined with increased tidal amplitudes
resulted in an increase of PHWL. Therefore, we conclude that the elevated subtidal friction caused the higher
peak flood levels at Sanshanjiao station due to the stronger river-tide interaction. Strong tides elevate the friction
levels, which raises the subtidal surface level gradient that is needed for the river input to be transported across the
transitional part of the delta. This surface-level setup has not only an oscillatory part, recognized as a fortnightly
tide such as MSf, but also a steady part, set by the mean tidal amplitudes.
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Figure 7. (a) Subtidal velocity; (b) contributions to subtidal friction from river𝐴𝐴flow (𝐴𝐴𝑟𝑟 ), river-tide interaction
(𝐴𝐴𝑟𝑟𝑟𝑟), and tidal
𝐴𝐴
asymmetry
(𝐴𝐴𝑡𝑡); (c) comparison between subtidal water levels and predictions from a regression model based
𝐴𝐴
𝐴𝐴 on 𝐴𝐴
𝐴𝐴𝑟𝑟 and 𝐴𝐴𝑟𝑟𝑟𝑟 for
Sanshanjiao station during the periods of 1961-1964 and 2008–2012.

3.5. Total Change of MHWL
Figure 9 shows the changes of the contributing factors to the MHWLs along North River before and during
sand mining, according to the procedure explained in Section 2.7. Herein, MHWL is approximated
𝐴𝐴 as Δ𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,
being the sum of the mean sea𝐴𝐴level,
𝐴𝐴 𝐴𝐴𝑟𝑟 , 𝐴𝐴𝑟𝑟𝑟𝑟 and the section-mean tidal amplitudes. Herein, s/L is the normalized
along channel distance from the delta apex, s is the channelized distance from the delta apex, and L the distance
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to the sea along the longest distributary (Sassi et al., 2012). This demonstrates that the contribution of channel deepening to water level variation
is particularly large in the river-dominated region, which results in a great
decrease in MHWL. The influence of channel deepening decreases toward
the seaside of the delta. In the transition region, the total change of MHWL
is explained by a combination of the direct effect of channel bed lowering,
river-tide interaction, sea level rise, and tidal amplification, representing the
hydrodynamic competition between marine and continental processes. Only
in the tide-dominated regions, is the change
𝐴𝐴 in Δ𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is fully controlled by
mean sea level rise.

4. Discussion
The metric of peak water levels adopted in this study (PHWL) is only marginally influenced by storm surges, which often contribute to the most extreme
water levels. Storm surges produce long waves that, to some degree, behave
like tidal waves. Channel deepening may reduce the damping of a surge
wave, and amplify the surge wave amplitudes as observed in the Cape Fear River Estuary, NC (Familkhalili &
Talke, 2016), and the Hudson Estuary (Ralston et al., 2019). When meteorological forcing is exerted not at sea
but directly onto the delta surface, the effect of channel deepening is not necessarily decreasing peak water levels,
as the wind in a shallow water body may create a larger setup. As coastal communities around the world face
increasing storminess (Möller et al., 2014), the risk posed by the combination of channel deepening and extreme
storm surge is a topic of concern and deserves further analysis.

Figure 8. Estimated tidal velocity amplitudes before sand mining (1961–
1980) and during sand mining (1993–2012) for Sanshanjiao station.

The transition regions with multiple forcing factors can be sensitive to flooding. Channel deepening will impact
the interplay between river flow and tides in this region, which has led to increased river flow in the Mekong
Delta (Doan et al., 2021). A pronounced transition region is also found in the Guadalete estuary where the
coastal environment is forced by multiple simultaneous climatic agents (Del-Rosal-Salido et al., 2019, 2021).
The approach advocated herein, in which peak water level changes are decomposed into contributing factors as
in Figure 9, may support decision-making for risk analysis and facilitate the identification of vulnerable areas.
The approach presented in Figure 9 offers synoptic insight into the causes of high and the associated peak water
level changes. The first one-third of the total radial distance from the delta apex to the
𝐴𝐴 sea, Δ𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is strongly negative, indicating that the bed lowering effect on the peak water level dominates. In this region, channel deepening
lowers the high water levels by a drop in the total water depth. The transition region, identified in the middle
third of the total radial distance from the delta apex to the coast, is a more
complex area. The high water level change is the net outcome of significant
contributions from each of the four contributing factors in this section. The
change of high water level in the remaining domain, close to the ocean, is
dominated by sea level rise.

𝐴𝐴

Figure 9. Decomposition of the total change of MHWL (approximated as
Δ𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) at stations along the North River before (1961–1980) and during sand
mining (1993–2012) into contributions from tidal amplitude change, sea level
rise, direct change from river bed lowering
(∆𝜂𝜂𝑟𝑟 ) and from the interaction
𝐴𝐴
between river discharge and the
𝐴𝐴 tide (∆𝜂𝜂𝑟𝑟𝑟𝑟). s/L is the normalized along
channel distance from the delta apex toward the coast.
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In tide-dominated regions, compound events of sea level rise, storm surge, and
extreme river flow may directly cause flooding. Changes in morphography,
such as large-scale land reclamation, can increase flood risk by affecting the
spread of tides and tidal surges (Haigh et al., 2020; Moftakhari et al., 2017).
Deltas and lower-lying coastal areas are highly sensitive to increasing risks
arising from local human activities, land subsidence, regional water management, global sea-level rise, and climate extremes (Tessler et al., 2015; Wahl
et al., 2015). When two or more hazards occur at the same time or in quick
succession, the resulting impact can be far worse than when they occur individually (Kew et al., 2013; Klerk et al., 2015; Wahl et al., 2015). At present, fluvial floods, cyclonic storm surges, extreme rainfall, and sea level rise
are the main concerns causing compound floods in the world's mega-delta
regions (Couasnon et al., 2020; Del-Rosal-Salido et al., 2021; Moftakhari
et al., 2017; Wahl et al., 2015). Our analysis draws attention to the fact that
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the impact of geomorphic modification on the compound flooding also requires attention (Idier et al., 2013;
Monbaliu et al., 2014). More comprehensive studies are warranted to assess how compound flooding may change
in the future with large-scale land reclamation and natural and anthropogenic changes in coastal morphology.

5. Conclusions
Changes in peak water levels under the influence of delta channel deepening are investigated based on an analysis of water level records and the use of a hydrodynamic model. The Pearl River Delta is taken as an example,
revealing that the causes of peak level change are strongly dependent on distance to the coast. In the upstream
river-dominated regions, peak water levels have significantly decreased as a result of sand mining, as the water
depth increase does not compensate for the lowering of the river bed. In the transition regions, where the residual
channel discharge is modulated by the tidal motion and vice versa, channel deepening has increased peak water
levels and the associated risk of flooding. In the tide-dominated coastal regions, changes in mean water surface
level are mainly associated with sea-level rise, and with the effects of human activity.
Understanding the zonation maps of peak water levels under the influence of channel deepening has important
implications for flood prediction, and for managing ecosystem services in deltas. The results obtained in this
study will, hopefully, call for attention to flood risk caused by channel deepening, and provide scientific guidelines for peak water level analysis in the Pearl River Delta and in other tide-influenced deltas worldwide.
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