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Abstract

Natural and human-induced changes may exert considerable impacts on the seasonal and nodal dynamics of M,
and K, tidal constituents. Therefore, quantifying the influences of these factors on tidal regime changes is
essential for sustainable water resources management in coastal environments. In this study, the enhanced
harmonic analysis was applied to extract the seasonal variability of the M, and K| tidal amplitudes and phases at
three gauging stations along Lingdingyang Bay of the Zhujiang River Delta. The seasonal dynamics in terms of
tidal wave celerity and amplification/damping rate were used to quantify the impacts of human-induced
estuarine morphological alterations on M, and K| tidal hydrodynamics in inner and outer Lingdingyang Bay. The
results show that both tidal amplification/damping rate and wave celerity were considerably increased from the
pre-anthropogenic activity period (Pre-AAP) to the post-anthropogenic activity period (Post-AAP) excepting the
tidal amplification/damping rate in outer Lingdingyang Bay, and the variations in outer Lingdingyang Bay was
larger than those in inner Lingdingyang Bay. The alterations in these two parameters were more significant in
flood season than in dry season in both inner and outer Lingdingyang Bay. The seasonal variability of M, and K;
tidal amplitudes were further quantified using a regression model accounting for the 18.61-year lunar nodal
modulation, where this study observes a considerable alteration in M, constituent owing to human interventions.
During the Post-AAP, the M, amplitudes at the downstream station were larger than those that would have
occurred in the absence of strong human interventions, whereas the opposite was true for the upstream station,
leading to a substantial decrease in tidal amplification in outer Lingdingyang Bay. However, it is opposite in
inner Lingdingyang Bay. The underlying mechanism can be primarily attributed to channel deepening and
narrowing caused by human interventions, that resulted in substantial enlargement of the bay volume and
reduced the effective bottom friction, leading to faster wave celerity and stronger amplified waves.
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1 Introduction

Itis essential to understand tidal variability in coastal areas
because it directly impacts channel navigation, coastal flooding,
and ecology. Previous studies examining tidal dynamics have
shown that tidal fluctuations occur over a wide range of time
scales (including sub-daily, daily, fortnightly, seasonal, yearly,
and decadal) owing to the changes in predictable astronomical
variations and the physical properties of the ocean and coastal
morphology (Devlin et al., 2014, 2017, 2018). This study mainly
focuses on the seasonal variability of tides, which is significant in
the Zhujiang River Delta (ZRD) located in the southern part of

China. Of particular interest are the impacts of large-scale hu-
man interventions on the seasonal variability of tides.

Seasonal variability of the main tidal constituents has been
documented for a long time (Corkan, 1934; Kang et al., 1995;
Griwe et al., 2014; Miiller et al., 2014). In the coastal ocean, it is
usually observed that tidal amplitudes are larger during summer
than during winter (Huess and Andersen, 2001; Tazkia et al.,
2017; Wang et al., 2020a). This can be primarily attributed to the
seasonal variation in frictional effects exerted on tides when they
propagate from the deep ocean to the open area of the coastal
ocean. In contrast, in the inner parts of the delta, amplitudes of
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the main tidal constituents are relatively large during winter and
smaller during summer, mainly due to seasonal changes in river
discharge (Godin, 1985, 1999; Guo et al., 2015; Cai et al., 2016;
Pan et al., 2018a). Many previous studies have addressed the sea-
sonal variability of tidal characteristics in coastal areas account-
ing for the impacts of natural changes in sea level dynamics
(Devlin et al., 2017), stratification (Miiller, 2012), and sea ice dy-
namics (St-Laurent et al., 2008). However, the impacts of human
interventions (e.g., land reclamation, dredging for navigational
channels, and sand excavation) on the seasonal variability of tid-
al dynamics have received little attention yet.

In this contribution, water level observations at three gauging
stations along Lingdingyang Bay of the ZRD were used to explore
the seasonal variability of the dominant tidal constituents (i.e.,
M, and K;) by means of enhanced harmonic analysis (EHA). The
paper is organized as follows. Section 2 describes the EHA meth-
od to extract the monthly tidal amplitudes and phases. An over-
view of Lingdingyang Bay is provided in Section 3. In Section 4,
the seasonal variability of the dominant M, and K, constituents is
analyzed, and the impacts of human interventions on tidal dy-
namics in terms of tidal amplification/damping rate and wave
celerity are discussed. Finally, the conclusions drawn are presen-
ted in Section 6.

2 Methodology and data

2.1 Enhanced harmonic analysis model

The EHA (Jin et al., 2018) was adapted in this study, which is
based on a cubic spline interpolation and an independent point
(IP) scheme, to extract time-varying harmonic parameters of
main constituents. To implement EHA, Pan et al. (2018b) de-
veloped the S_TIDE MATLAB toolbox (available from https://www.
researchgate.net/project/A-non-stationary-tidal-analysis-tool-
box-S-TIDE) from the widely-used T_TIDE toolbox (Pawlowicz et
al., 2002). In the newly developed EHA, it is assumed that the
time-varying water levels can be described by the following ex-
pression:

N
Z(t)=S(t)+ Y [a;(t) cosojt + by (1) singjt], j=1,--- N, (1)
j=1

where Z (1) is the water level at time ¢, S (f) represents the mean
water level (MWL); and oy aj, and bj are the frequency, cosine
amplitude, and sine amplitude corresponding to the jth tidal
constituent, respectively. The time-varying S (¢) and tidal coeffi-
cients a () and b; (#) can be expressed by functions of S, a; , and
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where f; ; is the interpolation weight for the ith IP at time £, which
depends on the interpolation method; Mgand M are the IP num-
bers for the MWL and tidal constituents, respectively. Combina-
tion of Egs (1) and (2) yields:
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where S, g, and b, ; can be extracted through the least squares
method (see details in Pan et al., 2018b). Therefore, time-varying
S (D), a; (t), and b; (#) can be obtained by Eq. (2). Finally, the time-
varying amplitude » and phase ¢ can be computed by the follow-

ing equations:
2 2 b;
=/ a? + b, ¢ = arctan . C))
j

2.2 Lunar constituent modulation model

The harmonic parameters of 18.61-year nodal modulation
and the long-term linear trend can be estimated by a regression
model, which can be expressed as follows (Pan et al., 2019):

2n . 2n
H (1) = py + Byt + oacos (ﬁt> + apsin (ﬁt> , (5

where H () is the estimated amplitude of the studied constituent
(M, or K,) extracted by the least square method at time ¢ (in units
of years), f, is a constant value, 3, is the linear trend, and «, and
a, are the amplitudes of the cosine and sine functions of the nod-
al cycle. Subsequently, the amplitude of 18.61-year lunar nodal
modulation can be calculated as:

= Vi + a2, (6)

"18.61-year

2.3 Data

In this study, daily high and low water level time series
(1965-2016) from three gauging stations were collected, includ-
ing Hong Kong (denoted by HK), Chiwan (denoted by CW) and
Sishengwei (denoted by SSW), along Lingdingyang Bay of the
ZRD. Here, the water level time series in CW and SSW stations
were collected from the hydrological data of the Zhujiang River
Basin, and those in HK station were collected from the University
of Hawaii Sea Level Center (UHSLC, https://uhslc.soest.
hawaii.edu/, Caldwell et al., 2015). The water level observations
in CW and SSW stations were corrected to the local Zhujiang
River Datum. Based on the extracted tidal harmonics using EHA
model, the tidal wave celerity of the tidal constituent (denoted as
¢) can be estimated using the following formula:

Ax
(¢2 — ¢1) T/360°

CcC=

@)

where Ax is the distance between two adjacent stations, ¢, and ¢,
are the phases extracted from the downstream and upstream sta-
tion, respectively, and T is the period of the dominant M, or K
constituent.

The tidal wave amplitude amplification/damping rate (de-
noted as ) can be defined as:

1 M — M
7 ; ®
(m +n)/2 Ax

where 7, and 7, are the tidal constituent amplitudes extracted
from the downstream and upstream station, respectively. When
0>0 (i.e., n,>1,), the tidal wave amplitude increases along the
channel and represents the amplification rate. In contrast, 6<0
(i.e., #,<n,) represents the damping rate with decreasing tidal


https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/
https://uhslc.soest.hawaii.edu/

Zhang Ping et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 10, P. 49-64 51

wave amplitude along the channel.

To identify the bathymetry changes and their different im-
pacts on tidal hydrodynamics in inner and outer Lingdingyang
Bay, bathymetric maps of Lingdingyang Bay in 1965, 1998, and
2014 were collected from the Guangzhou Maritime Safety Ad-
ministration and the China People’s Liberation Army Navy Com-
mand Assurance Department of Navigation to explore the
erosion and siltation patterns in Lingdingyang Bay. Here, the di-
gital elevation model (DEM) of Lingdingyang Bay was generated
based on digitalized isobaths and coastal lines. The bathymetric
data (converted from the local lowest tidal level to the local
Zhujiang River Datum) were projected to UTM-WGS84 coordin-
ates of China and interpolated to a 50 mx50 m grid DEM in the
ArcGIS software.

3 Study area

The Lingdingyang Bay is the largest bell-shaped convergent
estuary in the ZRD (Fig. 1a), which consists of three shoals (the
West Shoal, Middle Shoal, and East Shoal) and two channels (the
West Channel and East Channel). It mainly originates from the
North River and East River and flows into the South China Sea
through Humen, Jiaomen, Hongqimen, and Hengmen. As a
densely urbanized and populated region, Lingdingyang Bay is
subject to large-scale human interventions. The evolution of the
morphology of Lingdingyang Bay was mainly governed by natur-
al processes before the 1980s, after which human activities (e.g.,
channel degradation and reclamation projects) have dramatic-
ally modified the bay’s morphology. It was shown that the net ac-
cretion rate of the subaqueous delta in the Lingdingyang Bay de-
creased from 16.6 mm/a between 1955 and 1964 to 1.6 mm/a in
the period of 1998-2008 because of a dramatic decline in the sus-
pended sediment load (Wu et al., 2016b). In addition, nearly
200 km? of the shallow coastal area was reclaimed from 1988 to
2008 (Wu et al., 2014), and continuous dredging and a surge of
sand excavation resulted in local changes in a water depth of +5
m/a between 2012 and 2013, which far exceed the magnitude of
natural topographic evolution in the Lingdingyang Bay (Wu et al.,
2016a). It was shown that the tidal prism and energy dissipation
rate in the Lingdingyang Bay has decreased by approximately

112.5° 113.5° 114.0°E

14.11% and 23% from 1906 to 2014, respectively (Zhou et al.,
2016), which indicates a reduction in tidal energy entering into
the bay. However, due to the enlargement of the bay volume and
hence the reduction of the effective bottom friction, this study
observes considerable increases in both tidal amplification and
wave celerity. The tides coming from the Pacific Ocean propag-
ate through the Luzon Strait into the ZRD with a mean tidal range
between 1.0 m and 1.7 m (1.69 m at Humen) (Ye and Preiffer,
1990; Mao et al., 2004) and are characterized by an irregular and
semidiurnal character. This study focuses on the seasonal variab-
ility of tidal dynamics in terms of tidal wave celerity and tidal
amplification/damping rate estimated from three gauging sta-
tions (HK, CW, and SSW, see their locations in Fig. 1b) in the
Lingdingyang Bay.

4 Results

4.1 Tidal regime shift in Lingdingyang Bay
The monthly variations of the M, and K, constituents tides ex-
tracted by the EHA model are shown in Fig. 2, where five inde-
pendent points were used for the M, and K, constituents while
the harmonic parameters of other tidal constituents were as-
sumed to be constant (Wang et al., 2020a). Figures 2a and b show
that the monthly averaged M, and K; amplitudes at HK, CW and
SSW stations both had 18.61-year periodic oscillations. The amp-
litude of seaward station (HK) for M, is smaller than that in the
landward station (SSW) while for K; constituent in CW station
was more or less the same as that in SSW station. Figures 2c and
d show that the phases at the three gauging stations all declined
from 1965 to 2016. It should be noted that the fluctuation of
phases for the M, constituent at SSW station was larger (from 0°
to —22°) than those at CW station (decreased from —70° to —78°)
and HK station (from -100° to —-98°). Notably, the phases for K,
constituent had a significant 18.61-year periodic oscillation (Fig.
2d), which is rather different from M, constituent (Fig. 2c). Spe-
cifically, this has to do with the fact that the impact of lunar nod-
al modulation for different constituents depends on their fre-
quencies. Previous studies showed that the nodal angle (u) for
long-term modulations of phase for M, and N, constituents are
113.6°
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Fig. 1. Map of Lingdingyang Bay in the Zhujiang River Delta (ZRD) connected with the South China Sea (a) and the locations of the
Hong Kong (HK), Chiwan (CW), and Sishengwei (SSW) gauging stations (b).
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Fig. 2. Temporal variations in monthly averaged amplitudes (a, b) and phases (c, d) extracted from EHA model for the M, and K,
constituents at Hong Kong (HK), Chiwan (CW), and Sishengwei (SSW) stations.

much smaller (-2.1°) than O, constituent (10.8°) and K; constitu-
ent (-8.9°) (Pugh and Woodworth, 2014; Feng et al., 2015). For
more details about the definitions of nodal factor (f) and nodal
angle (u), readers can refer to Eq. (S1) in the Supplementary in-
formation.

Based on Egs (7) and (8), the tidal wave celerity c and tidal
amplification/damping rate J between HK, CW and SSW stations
were calculated. The results are shown in Fig. 3. For the M, con-
stituent, it was shown in Fig. 3a that the tidal amplification rate J
(where 6>0) decreased slightly for the first half period and then
increased abruptly until 2016 both in the inner (from CW station
to SSW station) and the outer Lingdingyang Bay (from HK sta-
tion to CW station), which suggests that the tidal hydrodynamics
became stronger during the study period. More specifically, it is
notable that § in outer Lingdingyang Bay (the value of § in-
creased from 6.2x10- m-! to 7.8x10-% m-!) was much larger than
that in inner Lingdingyang Bay (the value of J increased from
3.2x10-® m~! to 4.5x10-¢ m~!). For the K, constituent, the tidal
amplification J in outer Lingdingyang Bay had a fluctuation
change in the study period (shown in Fig. 3b), where it declined
from 3.6x10-° m~! to 2.4x10-% m~!, while in inner Lingdingyang
Bay it was between -2x10-5 m~! and 2x10-% m~! with a rising
tendency, which also suggests enhanced tidal hydrodynamics. It
can be seen from Fig. 3c that the tidal wave celerity c in outer
Lingdingyang Bay notably fluctuated in the study periods, but it
generally inclined to 15 m/s in 2016, while in the inner Ling-
dingyang Bay it increased slightly from 6.8 m/s until 1994 and
then inclined abruptly to 9.8 m/s in 2016. For the K, constituent,
the tidal wave celerity ¢ performed similarly with M, although the
phases had significant 18.61-year periodic oscillations (Fig. 3d).

To identify the seasonal variation of tidal hydrodynamics in
the Lingdingyang Bay, this study used the accumulated anomaly

curve method to explore the abrupt shift year of tidal wave celer-
ity c of M, and K constituents during 1965-2016. Accumulated
anomaly curve is a simple yet effective approach for identifying
change-point of the examined time series (Wei, 2007). In this ap-
proach, for given the time series x;, the accumulated anomaly at
moment ¢ is defined as

n

Si= (=%, i=1

i=1

(©))

N,

where X =1/n- Z X; is the mean value of the time series. Here,
the temporal variation of S, at N moments can be used to detect
the change-point where the gradient with respect to the time is
zero. As shown in Fig. 4, the tidal wave celerity c shift for M, and
K, constituents occurred in 1990 and 2000 in outer Lingdingyang
Bay, respectively, while it occurred in 1994 and 1998, respect-
ively, in inner Lingdingyang Bay. It could be seen from Figs 2a
and b that the mean tidal amplitudes for the M, constituent were
0.39m, 0.56 m, and 0.67 m in HK, CW, and SSW stations, respect-
ively, which were larger than those for the K; constituent (0.36 m,
0.42 m, and 0.43 m, respectively). Therefore, the shifted year
based on the accumulated curve of the dominant M, constituent
in the Lingdingyang Bay can be determined. Subsequently, this
study divided the study period into two sub-periods depend on
the shift period of M, constituent: the Pre-AAP (1965-1990 in out-
er Lingdingyang Bay and 1965-1994 in inner Lingdingyang Bay)
with mostly natural development and the Post-AAP (1991-2016
in outer Lingdingyang Bay and 1995-2016 in inner Lingdingyang
Bay) with strong human-induced modification.

Figure 5 shows that seasonal fluctuations of tidal wave celer-
ity ¢ and tidal amplification/damping rate J for M, and K, con-
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n,n

mean value for the Pre-AAP and Post-AAP, respectively. The "+

stituents in inner and outer Lingdingyang Bay during the Pre-
AAP and Post-AAP, where increases in ¢ and J (representing
faster tidal wave propagation and a weaker tidal damping effect)
after significant human interventions were observed for four sea-
sons. It is shown in Figs 5a and b that the values of c for the M,
constituent were more sensitive to human interventions during
spring and summer than those during winter and autumn in in-
ner and outer Lingdingyang Bay (based on the seasonal average

+" symbol represents the outlier.

value of changing rate). Concerning the K, constituent, it is ob-
served that the values of ¢ were more sensitive in summer and
autumn than winter and spring in inner Lingdingyang Bay while
the case was converse in outer Lingdingyang Bay. To be more
specific, the occurrence of maximum c for the M, constituent in
outer Lingdingyang Bay changed from January during Pre-AAP
(14.87 m/s) to July during Post-AAP (19.54 m/s) owing to human
interventions (Table 1). On the other hand, it can be seen from
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Table 1. Monthly averaged tidal wave celerity c distributions for both the Pre-AAP and Post-AAP in inner (CW-SSW) and outer
(HK-CW) Lingdingyang Bay and the change ratio when these two periods were compared

HK-CW CW-SSW

Season Month Pre-AAP ¢/(m-s!) Post-AAP ¢/(m-s1) Ratio/% Pre-AAP ¢/(m-s1) Post-AAP ¢/(m-s1) Ratio/%

M, K, M, K, M, K, M, K, M, K, M, K,
Winter Dec. 13.91 12.94 18.16 15.21 30.61 17.50 6.96 7.95 7.93 9.03 13.84 13.50
Jan. 14.87 12.80 19.10 15.60 28.49 21.87 6.96 7.55 7.86 8.52 12.92 12.87
Feb. 14.18 12.78 18.66 16.01 31.64 25.23 6.94 7.25 7.86 8.24 13.26 13.63
Spring Mar. 13.79 12.71 18.53 16.47 34.40 29.57 6.93 7.00 7.90 7.97 13.92 13.89
Apr. 13.72 12.98 18.64 16.72 35.81 28.88 6.94 6.77 7.96 7.68 14.76 13.52
May 13.92 13.53 19.04 16.88 36.80 24.80 6.95 6.59 8.04 7.43 15.65 12.83
Summer Jun. 14.17 14.21 19.49 17.09 37.52 20.21 6.98 6.55 8.13 7.38 16.49 12.75
Jul. 14.26 14.75 19.54 17.46 37.07 18.36 7.01 6.72 8.20 7.69 17.01 14.43
Aug. 14.11 14.98 19.45 18.03 37.79 20.38 7.04 7.09 8.25 8.35 17.15 17.82
Autumn  Sept. 13.90 14.90 18.75 18.21 34.88 22.27 7.06 7.51 8.26 9.07 17.01 20.82
Oct. 13.77 14.43 18.35 17.77 33.30 23.15 7.06 7.80 8.21 9.45 16.39 21.11
Nov. 13.77 13.68 18.10 16.39 31.46 19.83 7.02 7.92 8.09 9.36 15.20 18.09

Fig. 5b the occurrence of maximum c for the K, constituent in
outer Lingdingyang Bay changed from August during Pre- AAP
(14.98 m/s) to September during Post-AAP (18.21 m/s). In inner
Lingdingyang Bay, the occurrence of maximum c for M, and K,
constituents changed both from September to October (in-
creased from 7.06 m/s to 8.26 m/s, from 7.80 m/s to 9.45 m/s, re-
spectively). Similar to tidal wave celerity, the values of § were
more sensitive to human interventions during spring and sum-
mer than during winter and autumn in inner Lingdingyang Bay,
while it was contrast in outer Lingdingyang Bay (shown in Figs 5¢
and d). The maximum values of § occurred in the same month for
the M, constituent (i.e., in July and the values are 8.64x10-6 m~1
and 8.26x10-6 m~1, respectively) in both Pre-AAP and Post-AAP,
but for the K, constituent it occurred in June and May (de-
creased from 3.64x10-% m-! and 3.45x10-% m-!, respectively) in
outer Lingdingyang Bay (Table 2). While in inner Lingdingyang
Bay, the maximum value of J occurred in the same month for M,
and K (i.e., in November and the values are 3.59x106 m~! and
1.43x10- m~!, respectively) during Pre-AAP while those for M,
and K, constituents occurred in November (3.79x10-¢ m~!) and
December (1.61x10-¢ m~!) during Post-AAP, respectively. The
variations of these two parameters in terms of ratio were also cal-
culated, and the results are shown in Tables 1 and 2, respectively.
The average variations of c and ¢ in spring and summer were

stronger than those in winter and autumn in both inner and out-
er Lingdingyang Bay, which is likely due to the large freshwater
discharge debouched from the upstream ZRD. Overall, the res-
ults suggest that due to human interventions more considerable
changes of tidal amplification/damping rate J occurred in inner
Lingdingyang Bay than those in outer Lingdingyang Bay. On the
contrary, it was observed that the changes in tidal wave celerity ¢
were more considerable in outer Lingdingyang Bay than those in
inner Lingdingyang Bay.

4.2 Nodal modulation of the M, and K, constituents

Itis shown in Fig. 2 that the M, and K, amplitudes at all HK,
CW, and SSW stations had apparent 18.61-year periodic vari-
ations during Pre-AAP and Post-AAP. Thus, a regression model
adopting Eq. (5) was used to extract the fitting curves (represent-
ing the nodal modulation of the 18.61-year period) of different
months during Pre-AAP and Post-AAP; the results are shown in
Fig. 6. The model performance in terms of root mean square er-
ror (RMSE) is shown in Table 3. Figures 6a and c show that the
annual amplitudes in each month at HK and CW stations were
fitted well in two subperiods, and the RMSE values were gener-
ally less than 1.96 cm (Table 3). On the other hand, the model
performance for the M, constituent significantly deteriorated at
SSW station when compared with those at seaward stations (HK

Table 2. Monthly averaged tidal amplification/damping rate ¢ distributions for both the Pre-AAP and Post-AAP in inner (CW-SSW)
and outer (HK-CW) Lingdingyang Bay and the change ratio when these two periods were compared

HK-CW CW-SSW
Season  Month Ia%f:?nli f))/ Pasot:?riljl())/ Ratio/% Ia%:%ﬁf)/ Pasg:?iz())/ Ratio/%
M, K, M, K M, K, M, K, M, K, M, K

Winter Dec. 6.34 3.62 6.47 2.75 2.00 -24.04 3.59 1.43 3.72 1.61 3.41 12.72

Jan. 6.59 3.31 6.60 2.76 0.02 -16.55 3.07 1.20 3.18 1.24 3.58 2.70

Feb. 6.81 3.42 6.74 3.01 -1.04 -11.91 3.19 0.79 3.52 1.13 10.33 42.96

Spring Mar. 7.12 3.51 6.99 3.21 -1.78 -8.41 3.21 0.32 3.68 0.90 14.65 182.12

Apr. 7.55 3.58 7.37 3.37 -2.43 -5.88 3.09 -0.27 3.64 0.42 17.75 255.75

May 8.06 3.63 7.82 3.45 -2.94 -4.87 2.87 -0.90 3.45 -0.20 20.24 77.71

Summer Jun. 8.48 3.64 8.15 3.43 -3.88 -5.78 2.65 -1.36 3.25 -0.69 22.96 49.33
Jul. 8.64 3.64 8.26 3.33 -4.48 -8.41 2.55 -1.44 3.24 -0.75 26.98 47.55

Aug. 8.51 3.61 8.12 3.17 -4.63 -12.22 2.61 -1.07 3.41 -0.31 30.70 71.22

Autumn Sept. 8.16 3.60 7.77 3.01 -4.81 -16.30 2.78 -0.45 3.62 0.39 30.48 186.14
Oct. 7.66 3.59 7.36 2.88 -3.99 -19.59 3.01 0.23 3.76 0.98 25.01 334.19

Nov. 7.05 3.59 6.92 2.80 -1.86 -21.90 3.28 0.85 3.79 1.36 15.35 59.28
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Fig. 6. Monthly averaged M, (a, b, e) and K (c, d, f) tidal amplitudes at HK (a, b), CW (c, d), and SSW (e, f) stations from 1965 to 2016
during Pre-AAP and Post-AAP. Black dashed lines present monthly averaged values obtained from the EHA model. Red solid lines are

the best-fitted curves of the 18.61-year lunar nodal modulation.

and CW stations) during Pre-AAP. Thus, the RMSE values for the
M, constituent were larger at SSW station (less than 1.39 cm)
than those at HK and CW stations (Table 3). However, during
Post-AAP, the model fitted worst in CW station for M, constitu-
ent. In particular, after human interventions, the RMSE values
were generally increased in HK and CW stations while it was op-
posite in SSW station. For the K; constituent, the regression mod-

el performance was good in all HK, CW, and SSW stations and the
RMSE values were generally less than 1.96 cm.

To identify the seasonal variations of the linear trend and
nodal modulation at HK, CW, and SSW stations, this study ex-
tracted the linear trend parameters 8, and f, (see their defini-
tions in Eq. (5)) of M, and K, constituents and the results are
shown in Fig. 7. Figures 7a and b show the seasonality of 8, in
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Table 3. Model performance in terms of RMSE for fitting M, and K, tidal amplitudes of 18.61-year nodal modulation at HK, CW, and
SSW stations from 1965 to 2016 during Pre-AAP and Post-AAP

RMSE/cm
M, K,
Month HK cw SSW HK W SSW
Pre-AAP Post-AAP Pre-AAP Post-AAP Pre-AAP Post-AAP  Pre-AAP Post-AAP Pre-AAP Post-AAP Pre-AAP Post-AAP
Jan. 1.02 1.16 1.21 1.26 1.52 1.39 1.36 1.41 1.75 1.53 1.90 1.36
Feb. 0.69 0.71 1.02 1.17 1.26 0.80 0.98 0.86 1.51 1.02 1.36 0.72
Mar. 0.59 0.55 0.99 1.20 1.42 0.75 0.97 1.13 1.53 1.00 1.34 0.74
Apr. 0.57 0.43 0.95 1.25 1.34 0.73 1.09 0.95 1.32 0.77 1.29 0.73
May 0.53 0.34 0.98 1.41 0.99 0.54 1.40 0.48 1.04 0.70 1.11 0.54
Jun. 0.53 0.51 1.14 1.63 0.85 0.63 1.72 0.90 1.16 1.23 1.11 0.65
Jul. 0.49 0.53 1.23 1.62 0.75 0.72 1.63 0.87 1.18 1.29 1.03 0.72
Aug. 0.42 0.46 1.15 1.37 0.62 0.68 1.24 0.69 1.02 0.97 0.81 0.62
Sept. 0.47 0.57 1.04 1.17 0.88 0.75 1.02 1.31 1.20 1.08 0.86 0.65
Oct. 0.49 0.53 0.93 1.12 1.03 0.74 0.95 1.35 1.39 1.03 1.03 0.69
Nov. 0.42 0.47 0.89 1.24 0.97 0.79 1.01 0.87 1.43 0.73 1.30 0.93
Dec. 0.56 1.02 1.13 1.65 1.29 1.38 1.64 1.91 1.79 1.66 1.96 1.70
AVG 0.56 0.61 1.06 1.34 1.08 0.83 1.25 1.06 1.36 1.08 1.26 0.84
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Fig. 7. Monthly averaged alterations in linear nodal parameters 3, (a, b) and f, (c, d) for M, (a, ¢) and K, (b, d) constituents at HK,
CW, and SSW stations during Pre-AAP and Post-AAP.

three stations for M, and K, constituents performed similarly  variation of f,, Fig. 7c shows that the values of $, had various per-
during both Pre-AAP and Post-AAP, which indicates that human  formances in different stations during Pre-AAP and Post-AAP. To
interventions had limited impact on f;. Concerning the seasonal ~ be more specific, for the M, constituent, the values of g, were



58 Zhang Ping et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 10, P. 49-64

negative at HK in two sub-periods, with the absolute minimum
value during Pre-AAP occurred in June (-0.506x10-3) while it oc-
curred in June (~1.215x10-3) during Post-AAP. In CW station, the
values of f8, changed from positive to negative after July in Pre-
AAP, while those were negative values during Post-AAP except
December. The values of $, were all negative during Pre-AAP in
SSW station, among which the absolute maximum value oc-
curred in December (-1.927x10-3), while those were positive dur-
ing Post-AAP and the maximum one occurred in July (4.733x
10-3). A similar pattern can also be observed from Fig. 7d that the
influence of human interventions affected most heavily in the
landward station (SSW) for the linear trend of 18.61-year nodal
modulation for the K, constituent.

Subsequently, this study extracted the amplitudes of the
18.61-year lunar nodal modulation and defined R as the ratio of
the amplitude of the 18.61-year lunar nodal modulation 7,4 g year
to the amplitude of the M, or K, constituent during Pre-AAP and
Post-AAP; the seasonal variations of the R value are shown in Fig. 8.
Figures 8a and b show that the seasonal variations of 17,4 g;_ycq at
CW and SSW stations were stronger than HK station both for M,
and K, constituents in two sub-periods. It can be seen from Fig. 8a
that the minimum values of 7,4 g, ..o, fOr M, constituent occurred
in January (0.031 m) and July (0.050 m) in CW and SSW stations
during Pre-AAP, respectively, while those both occurred in July
(0.046 m in CW station, 0.047 m in SSW station) during Post-AAP.
Whereas the minimum values of 7,5 g, y.,, for K; constituent oc-
curred in March (0.047 m during Pre-AAP and 0.044 m during
Post-AAP) and April (0.046 m during Pre-AAP and 0.050 m dur-
ing Post-AAP) in CW and SSW stations, respectively (Fig. 8b). In

addition, the values of 74 g ye,, fOr M, constituents during Post-
AAP in HK station were much larger than those during Pre-AAP
and the seasonality became more remarkable after human inter-
ventions, but it was converse for the K, constituent. Simultan-
eously, the seasonal performance of R values for the M, constitu-
ent shown in Fig. 8c was equivalent with 7,4 g; ..., Whose minim-
um values of R occurred in January and July (5.85% and 7.19%,
respectively) at CW and SSW stations during Pre-AAP. But those
occurred in August (7.86%) and July (6.73%), in CW and SSW sta-
tions during Post-AAP, respectively. However, during Post-AAP,
the values of R in HK station were much larger and those even
larger than the values in landward stations (CW and SSW sta-
tions) in June, July and August. For the K, constituent, the min-
imum values of R both occurred in March (being 10.82% and
10.88%, respectively) at HK and CW stations, respectively, while it
was approximately 11.03% in SSW station (Fig. 8d). Overall, the
seasonal variation of K; constituent was much stronger than M,
constituent but the variation for the M, constituent was more sig-
nificant after human interventions.

5 Discussion

5.1 The underlying mechanism of the substantial changes in tidal
amplification rate
Many previous studies have shown that human activities res-
ulted in considerable changes in morphology and sediment dis-
charges in river deltas (Wang et al., 2011; Tan et al., 2016). In the
Lingdingyang Bay, the human activities, such as dam construc-
tion (Liu et al., 2014; Tan et al., 2017), land reclamation, and nav-
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Fig. 8. The monthly averaged amplitude of 18.61-year lunar nodal modulation (a, b) and the corresponding ratio R (c, d) for M, (a, c)
and K| (b, d) constituents at HK, CW and SSW stations during Pre-AAP and Post-AAP.
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igational dredging in the estuary (Chen et al., 2005, 2011; Li and
Damen, 2010), had significantly changed the sediment input
from the river basin and altered the coastline and morphology of
Lingdingyang Bay (Liu et al., 2014; Wu et al., 2014, 2016a; Zhang
et al.,, 2015), subsequently shifted the tidal regime (Zhang et al.,
2017, 2018; Mei et al., 2018; Wu et al., 2018; Talke and Jay, 2020;
Wang et al., 2020b). It is worth noting that the changes in tidal hy-
drodynamics are also closely related to the hydraulic regime shift
due to upstream river discharge and downstream sea level
change conditions. However, the impacts of these two boundary
conditions on tidal hydrodynamics in Lingdingyang Bay is relat-
ively minor when compared with the dramatic change in mor-
phology owing to the tide-dominated character of the estuarine
system (Cai et al., 2020).

Channel deepening is closely related to the reduction of ef-
fective friction and strengthening of tidal dynamics (including in-
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creasing the tidal range and tidal wave celerity). Such phenom-
ena have been observed in many estuaries worldwide, including
the Thames Estuary in England (Amin, 1983), the Rhine-Meuse
Estuary in the Netherlands (Vellinga et al., 2014), the Elbe and
Ems Estuary in Germany, the Loire Estuary in France (Winter-
werp, 2011), the Delaware, Columbia, Cape Fear, Newark, and
Hudson estuaries in the United States (Familkhalili and Talke,
2016; Chant et al., 2018; Ralston et al., 2019), the Guadalquivir
River Estuary in Spain (Siles-Ajamil et al., 2019), and the Modao-
men Estuary in China (Cai et al., 2012). In addition, narrowing of
the channel also impacts tidal hydrodynamics as it reduces the
tidal prism and the tidal energy dissipation rate (Zhou et al.,
2016). It has been shown that human-induced morphological
changes in terms of narrowing and deepening affect the nonlin-
ear interactions between effective hydraulic drag, fine sediment
import, and tidal amplification (Winterwerp and Wang, 2013).
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Fig. 9. Bathymetry changes of Lingdingyang Bay (LDB) from 1965 to 2014 (a. 1965-1998; b. 1998-2014) and the width convergence
length b and the tidal average depth h observed in 1965, 1998, and 2014 in inner Lingdingyang Bay (c). The erosion/siltation values
indicate total bathymetry change during each period and the red dashed and solid lines represent the inner and outer Lingdingyang

Bay.
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Table 4. The bathymetry changes in Lingdingyang Bay from 1965 to 2014 (The positive values represent siltation, while the negative

values represent erosion)

Periods
Zone Parameters 1965-1998 19982014
Inner Volume/(106 m3-.a-1) 6.802 -51.135
Changing rate/(m-a!) 0.009 -0.0215
Outer Volume/(10% m3.a-1) 0.855 70.781
Changing rate/(m-a!) 0.001 0.027

Previous studies have shown that both channel deepening and
narrowing caused by large-scale human interventions have dra-
matically altered the morphology in Lingdingyang Bay (e.g., Wu
et al., 2014, 2016a, b), which substantially enlarged the bay
volume and reduced the effective bottom friction, resulting in
faster wave celerity and stronger wave amplification (e.g., Cai et
al., 2020; Wang et al., 2020b).

To further understand the underlying mechanism of tidal hy-
drodynamics changes, this study explored the changes in erosion
and siltation patterns in both inner and outer Lingdingyang Bay
and the results were shown in Fig. 9 and Table 4. Figure 9 shows
the bathymetry changes of Lingdingyang Bay in 1965-2014 with
the positive variation of bed elevation representing the siltation,
otherwise representing the erosion. It is clearly shown in Fig. 9a
that the siltation dominated in the inner and outer Lingdingyang
Bay during 1965-1998. Specifically, the siltation in inner Ling-
dingyang Bay was greater than that in outer Lingdingyang Bay,
with a siltation volume of 6.802x106 m3/a and 0.855x106 m3/a, re-
spectively (Table 4). In addition, it can be seen from Table 4 that
the elevation changing rate in inner Lingdingyang Bay was about
0.009 m/a, which was nine times larger than that in outer Ling-
dingyang Bay (0.001 m/a). The deepening in inner and outer
Lingdingyang Bay might cause stronger tidal hydrodynamics.
During 1998-2014, the siltation pattern in inner Lingdingyang
Bay turned into erosion, with a significant erosion volume of
51.135x106 m3/a, while it remained siltation pattern in outer
Lingdingyang Bay, with a siltation volume of 70.781x10 m3/a.
Table 4 also shows that the elevation changing rate in inner Ling-
dingyang Bay was approximately 0.027 m/a while that was about
-0.021 5 m/a in outer Lingdingyang Bay, which is mainly due to
the channel dredging and sand excavation. Overall, the impacts
of human-induced morphological changes were more signific-
ant in inner Lingdingyang Bay than those in outer Lingdingyang
Bay, which caused a stronger change of tidal hydrodynamics in
inner Lingdingyang Bay.

To illustrate the alteration in morphological changes in inner
Lingdingyang Bay, this study assumed that the tidally averaged
cross-sectional area A and width B can be approximated by the
following exponential functions:

A = Agexp (72) , (10)

B = Byexp <—%) , (11)

where x is the longitudinal coordinate directed landward, Ao and
By represent the corresponding values at the estuary mouth, and
a and b are the convergence lengths of the cross-sectional area
and width, respectively. Subsequently, the tidally average depth
is determined by h = A/B based on the assumption of the most
rectangular cross-section. Figure 9c shows that the width conver-
gence length b showed a decreasing trend by approximately

15.79 km, while the spatially tidally averaged depth h displayed
an increasing trend by 1.25 m, which suggests that both geomet-
ric parameters were dramatically changed.

Many previous studies have shown that the tidal regime shift
is caused by the channel deepening and narrowing, which sub-
stantially reduced effective bottom friction and led to stronger
amplification and faster tidal wave celerity (Cai et al., 2020; Wang
etal., 2020b). Here, Eq. (5) was used to illustrate the influence of
human intervention on tidal amplification rate. Four parameters
(B, By a, and a,) were calculated by using Eq. (5) to match the
observed amplitude of the M, constituent during the Pre-AAP
(1965-1990 in outer Lingdingyang Bay; 1965-1994 in inner Ling-
dingyang Bay) and then used the four calibrated parameters to
estimate the amplitude during the Post-AAP (1991-2016 in outer
Lingdingyang Bay; 1995-2016 in inner Lingdingyang Bay) in
January (Figs 10a, c and e) and July (Figs 10b, d and f), respect-
ively. Subsequently, the same approach was used to fit the ob-
served amplitude of the M, constituent during the Post-AAP. The
observed amplitudes of the M, constituent at HK station during
the Post-AAP were clearly larger than those predicted using the
calibrated parameters for the Pre-AAP, whereas the opposite was
observed at CW station. Therefore, the gap between upstream
(CW) to the downstream station (HK) became smaller, explain-
ing the main reason for the substantial decrease in tidal amplific-
ation in outer Lingdingyang Bay. On the contrary, the observed
amplitudes of the M, constituent at CW station during the Post-
AAP were clearly smaller than those predicted using the calib-
rated parameters for the Pre-AAP, whereas the opposite was ob-
served at SSW station. This was the main reason for the substan-
tial increase in tidal amplification in inner Lingdingyang Bay
since the gap between the upstream (SSW) to the downstream
station (CW) became smaller. A similar picture for the K, con-
stituent can be observed in Fig. S1 (see the Supplementary in-
formation). It is worth noting that the current analyses for tidal
hydrodynamics mainly focused on the East Channel since the ad-
opted three gauging stations all situated along the east side of the
Lingdingyang Bay, thus further studies on tidal hydrodynamics
for the whole Lingdingyang Bay are required making use of de-
tailed numerical simulations in the future.

5.2 Evolution in the relationship between c and § in inner Ling-

dingyang Bay

It is worth exploring the relationship between the tidal wave
celerity c and the tidal damping/amplification rate J, which is an
effective predictor for quantifying the tidal regime shift in inner
Lingdingyang Bay. Here the formula was adapted for the tidally
averaged depth  in terms of the width convergence length b, tid-
al wave celerity ¢, and tidal amplification/damping rate J derived
by Cai et al. (2020):

rebcw?

h= . ,
8(dc® — 5°¢c?b + bw?)

(12)
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where r, is the storage width ratio accounting for the possible dy-
namic effect from the lateral storage area (e.g., tidal flats), gis the
gravitational acceleration. After some algebraic manipulations,
Eq. (9) can be rearranged as an empirical formula linking the
square of tidal wave celerity c? to the tidal amplification/damp-
ing rate J:

B hgbw?
" hgbo® — hgd + rsbe?’

(13)

Figure 11 shows the variations of the square of the tidal wave
celerity c? as a function of the tidal amplification/damping rate §
in the two different periods and the fitting results were presented
in Table 5. Here, based on the comparison of the observed and
fitted value of ¢? obtained from Eq. (13), the calibrated parameter
1, in Pre-AAP (1.03) and Post-AAP (1.19) were obtained. The r,
values were subsequently used to calculate the fitted value of
width convergence length b and tidally averaged depth h. This
study observe that the fitted results of b and h were different from

the actual values in inner Lingdingyang Bay (Fig. 9c), but the
tendencies were consistent. The derivation is mainly due to the
highly sensitivity of the square of wave celerity with regard to
these two geometric parameters (Eq. (13)). It can be seen from
Fig. 11a that the square of the tidal wave celerity ¢ remained
more or less constant with the increase of the tidal amplification/
damping rate 6 during the Pre-AAP for the M, constituent, while
the values of c? were considerably increased with the J during the
Post-AAP. By contrast, for the K, constituent, the values of ¢? in-
creased with the ¢ for both the Pre-AAP and Post-AAP (Fig. 11b),
with a larger increasing rate during the Post-AAP than that dur-
ing the Pre-AAP. It can be observed in Table 5 that the fitted
width convergence length b decreased from the Pre-AAP to Post-
AAP for both M, and K, constituents, while the tidal average
depth & increased, which suggests a dramatic effect of channel
narrowing and deepening on the tidal hydrodynamics in inner
Lingdingyang Bay.

6 Conclusions
In this study, the EHA method was adopted to quantify the
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Fig. 11. The variations of the square of the monthly averaged tidal wave celerity ¢? as a function of the tidal amplification/damping
rate J for M, (a) and K| (b) constituents during the Pre-AAP and Post-AAP in inner Lingdingyang Bay.

Table 5. Fitting results of width convergence length b and tid-
ally averaged depth & for M, and K, by means of the square of the
tidal wave celerity c? as a function of the tidal amplification/
damping rate ¢ during the Pre-AAP and Post-AAP in inner Ling-
dingyang Bay

M, Ky
Periods — =
b/km h/m b/km h/m
Pre-AAP 130.80 4.89 112.12 5.51
Post-AAP 15.92 4,98 42.61 7.41

seasonal variability of tidal hydrodynamics in terms of tidal wave
celerity and the tidal amplification/damping rate in inner and
outer Lingdingyang Bay of the ZRD. To highlight the impacts of
human interventions (e.g., dredging for navigational channels
and land reclamation) on tidal hydrodynamics, the whole study
period was divided into two distinct periods, including the Pre-
AAP (1965-1990 for outer Lingdingyang Bay, 1965-1994 for inner
Lingdingyang Bay, respectively) and the Post-AAP (1991-2016 for
outer Lingdingyang Bay and 1995-2016 for inner Lingdingyang
Bay, respectively), based on the accumulated anomaly curve of
the monthly averaged tidal wave celerity time series for the M,
constituent. Observations showed that the tidal wave celerity ¢
was considerably increased (for M, and K, constituents, by
34.15% and 22.67%, respectively) but tidal amplification/damp-
ing rate J considerably decreased (for M, and K, constituent, by -
2.49% and -12.99% on average, respectively) in outer Lingdingy-
ang Bay from the Pre-AAP to the Post-AAP. For inner Lingdingy-
ang Bay, both the tidal wave celerity ¢ and tidal amplification/
damping rate d were considerably increased (for the M, constitu-
ent, by 15.30% and 18.45% on average, respectively; for the K,
constituent, by 15.44% and 110.14% on average, respectively)

from the Pre-AAP to the Post-AAP. In addition, results from the
regression model accounting for the 18.61-year lunar nodal mod-
ulation suggest that the minimum values 0f 77,4 ) y,, fOr the M,
constituent occurred in January (0.036 m) and July (0.046 m) in
CW and SSW stations, respectively, while those for the K, con-
stituent occurred in March (0.045 m) and April (0.048 m), re-
spectively. Overall, the effects of human interventions on season-
al dynamics for the K, constituent were much stronger than those
for the M, constituent. The substantial decrease in tidal amplific-
ation in outer Lingdingyang Bay was shown to be related to the
larger increase of the M, and K, amplitudes at HK station and
smaller values at CW station while it was a contrast in inner Ling-
dingyang Bay, which associates with strong interventions from
human activities (e.g., dredging for navigational channels and
land reclamation). Overall, the variations in inner Lingdingyang
Bay were larger than those in outer Lingdingyang Bay. The res-
ults obtained from this study are particularly useful for setting
scientific guidelines for sustainable water resources manage-
ment in Lingdingyang Bay and other estuaries with substantial
human interventions.
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