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Introduction: Recently, accelerated sea-level rise (SLR) has raised major concerns
on estuarine management and restoration because it modifies estuarine
hydrodynamics, such as tidal inundation extent and amplitude, tidal current
asymmetry, flood frequency, etc. Understanding underlying processes which
regulate estuarine tidal dynamics is critical for mitigating potential impacts on
the coastal population and development.

Methods: We selected the Pearl River Estuary (PRE), an estuary with a higher
regional SLR compared to the global SLR as the study area. To identify the effects of
regional SLR on tidal dynamics, we analyzed long-term records of four tidal
variables from 19 gauge stations between 1952 and 2020, including annual
highest tidal levels (AHTLs), annual lowest tidal levels (ALTLs), annual mean tidal
ranges (AMTRs), and annual mean tidal levels (AMTLs).

Results: Results suggested that variability in tidal variables was site-specific. The
AMTRs decreased gradually from offshore regions to the upper reaches of rivers with
a maximum at the mouth of the estuary. In contrast, the magnitudes of the AHTLs,
AMTLs, and ALTLs decreased when approaching the coastline. Distance to the
coastline had the highest correlations with the AHTLs, ALTLs, and AMTLs, followed
by river width and river depth. The local SLR was responsible for the temporal
variability in AHTLs, ALTLs, and AMTLs at the estuarine mouth with correlation
coefficients from 0.43 to 0.85 (P < 0.001) but showed low correlations with these
three tidal variables at the upper reaches of rivers (P > 0.001). Instead, the tidal
variables were highly correlated with river discharge at the upper reaches of rivers,
especially for the AHTLs (correlation coefficient = 0.83, P < 0.0001).

Conclusions: Our study demonstrated that the tidal dynamics demonstrate
significant spatial-temporal variability. Geomorphology, river discharge, and sea

levels have jointly affected estuarine hydrodynamics.
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1 Introduction

Estuaries are transition zones from rivers to the ocean and
provide irreplaceable services such as natural habitat, recreation,
navigation, and energy generation. Recently, concerns have been
mounting around the vulnerability of estuaries to oceanic sea-level
rise (SLR) (Khojasteh et al., 2020). Rising water levels in estuaries can
potentially elevate proportions of inundation in surrounding low-
lying lands, leading to severe flooding, intensification of storm surge,
coastal erosion, and soil salinization (FitzGerald et al., 2008; Haigh
et al.,, 2010; Burgos et al., 2018; Khojasteh et al., 2020; Khojasteh et al.,
2021b). According to the Sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC), the global sea
level could rise by 0.63-1.01 m under higher greenhouse gas (GHG)
emission scenarios by 2100 and may even exceed 2 m due to a possible
melt of the Antarctic and Greenland Ice Sheet (Bamber et al.,, 2019;
Horton et al., 2020; Masson-Delmotte et al., 2021). Moreover,
increased anthropogenic pressures from urbanization, land
reclamation, and agricultural development reduce streamflow,
change estuarine hydrological patterns, and threaten ecological
integrity and environmental services (Zhang et al., 2010; Gao et al,,
2014; Ma et al., 2019; Xie et al., 2020).

Tides (e.g., tidal range, prism, current) are key components of
estuarine hydrology. In most estuaries, the gravitational effects of the
Moon and Sun on the ocean are the dominant forces that cause water
vertical or horizontal movements. These movements are usually
referred to as tides. Dynamics in tides reflect the joint impacts of
coastal processes and anthropogenic pressures on salt-fresh water
mixture, circulation, sedimentation, nutrient transport, and primary
productivity (Dieckmann et al., 1987; Mao et al., 2004; Bouillon et al.,
2007; Liu et al., 2021a). For example, high tide is often associated with
flooding and tidal asymmetry, which causes traffic problems and
damage to low-lying infrastructure (Dronkers, 1986; Cherqui et al.,
2015; Nabangchang et al,, 2015; Fant et al., 2021). Tidal range and
current have been identified as the predominant factors controlling
the transport of suspended particulate matters, ultimately changing
subsidence dynamics and primary productivity distributions in flat
tidal zones (Dieckmann et al., 1987; Fitzgerald, 1996; Raw et al., 2019;
Wang et al., 2021). Moreover, an enlarged tidal range would
significantly influence water quality due to increased hydraulic
gradient and saltwater intrusion (Vandenbohede and Lebbe, 2006).
Therefore, an improved understanding of tidal variability will be
beneficial for better environment assessments and management in
coastal areas.

Geometry (e.g., length, width, depth, and shapes of the estuary) and
energy drivers (e.g., river discharges, waves) are the main external
drivers causing the spatial and temporal variability in tidal dynamics
due to their impacts on friction, stratification, reflection, and resonance
processes (Mao et al., 2004; Haigh et al., 2020; Khojasteh et al., 2021b;
Khojasteh et al., 2021a; Talke et al., 2021). Channel shapes impact the
tides through controlling concentrations of energy fluxing to estuaries.
In converging (upstream narrowing) estuaries, the tide- and wave-
driver energy funneled from sea to estuaries has been considered as the
main factor determining tidal range (Van Rijn, 2011). Bathymetric
characteristics of an estuary, as another geometric driver, also influence
tides because the tidal levels may increase with decreased depth under a
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constant energy flux (Van Rijn, 2011). The additional source of energy,
such as upland flows, tends to reduce the tidal range in upstream areas
(Godin, 1999; Horrevoets et al., 2004). Climate change in conjunction
with intensifying human activities, has further complicated the coastal
hydrodynamics, such as tidal amplitude changes in response to sea level
rises (SLRs) and tidal velocity decreases due to human-induced
siltation (Wolanski et al., 2001; Pelling et al., 2013a; Pelling et al.,
2013b). Since estuarine hydrodynamics have been receiving increasing
attention (Moftakhari et al., 2017; Khojasteh et al., 2021b; Talke et al.,
2021), a comprehensive understanding of river discharge, coastal
geomorphology, and their combined impacts on tidal variability is
essential and can provide a necessary basis for evaluating SLR
influences on estuaries in the context of environmental changes.

The Pearl River Estuary (PRE) is located at the northern margin
of the South China Sea, with tides propagating from the Pacific
Ocean. According to the SOA, (2020) the estuary suffers from an
extremely high regional SLR. The global average rate of SLR was
about 3.3 mm yr' between 1993 and 2020, but PRE experienced an
increased rate of 3.9 mm yr' in SLR during the same period.
Although the higher regional SLR in PRE has enhanced the surface
elevation of peak storm surge and typhoon intensity (Yin et al., 2017;
Zhang et al., 2017; Jian et al., 2021), it did not significantly increase the
submerged area in PRE, as was predicted by Li et al. (Li et al., 1993).
Instead, intensified human activities, such as dam construction and
reclamation, have led to changes in upstream discharge, accelerated
losses of the shoals and waterways, alterations in inundation area
distributions, and landward migration of coastlines (Chen et al., 2005;
Liand Damen, 2010; Shao et al., 2020; Liu et al., 2021b). Tidal changes
in our study area have never been systemically analyzed, posing
challenges to climate change mitigation and environmental risk
management. The long-term and spatially-explicit study can help us
better understand the tidal changes under regional SLR, which is
urgent for flood control and coastal ecosystem management in the
Pear] River Bay area. Therefore, our study aims to investigate the
long-term tide variability under climate change and human
disturbances. The objectives of this study are to 1) investigate
spatial and temporal variability in tides in PRE and 2) explore to
which extent the SLR dominates the tidal dynamics.

2 Study area

As the second largest estuary in China, the PRE is located along
the coast of Guangdong Province, with a longitude of 113°E-115°E
and a latitude of 21°N-23°N. The mean annual rainfall ranges from
1600 to 2300 mm, and the mean annual temperature ranges from 14
to 22 °C. Tides propagate from offshore to the estuary, resulting in a
mean tidal range from 1.0 to 1.7m. The Pearl River, including three
main branches - West River, North River, and East River, flows into
the South China Sea through PRE. The annual average freshwater
discharge of Pearl River is 10,000 m> s, with a maximum of 20,000
m?> s in the wet seasons and a minimum of 3,600 m> s! in the dry
seasons (Zhang et al., 2008). In total, the Pearl River delivers 350 x 10°
m? of freshwater and 85 x 10° tons of sediment loads to PRE per year.

The PRE is subject to intensive human interventions and climate
change. Anthropogenic activities have caused sustainable changes in
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ecology, environments, and hydrology. From 1990 to 2015, construction
2019). Accelerated
urbanization resulted in landscape fragmentation (Hu et al, 2021),

land increased about two times (Liu et al,

notorious pollution (Wang and Hao, 2020), hydrological connectivity
changes (Shao et al., 2020), and discharge reduction (Horrevoets et al.,
2004; Liu et al.,
functional deterioration of the estuarine ecosystem (Zhang et al., 2010).

2022), leading to the irreversible structural and

3 Methods and materials
3.1 Data collection

We collected annual highest tidal levels (AHTLs), annual lowest tidal
levels (ALTLs), annual mean tidal ranges (AMTRs), and annual mean
tidal levels (AMTLs) from 19 gauge stations in the PRE area to explore
the hydrodynamics of the estuary (Figure 1). The AHTL group refers to
the largest tidal level over a year at a station, caused by storm surges
(Talke and Jay, 2020). On the contrary, the ALTL is the lowest tidal level
at a station over a year. The AMTL is the mean daily tidal level obtained
by averaging the daily high mean tidal level and low mean tidal level. The
tidal range is defined as the differences between the high mean tidal level
and the low mean tidal level per day, and the AMTR is the annual
averaged value of tidal ranges. The start times of the gauge observations
vary with stations with the earliest observations being in 1951. Besides
tidal levels, we also collected streamflow data of the Pearl River from
Makou, Sanshui, and Bolou stations. We digitalized all the above data
from the Hydrological Yearbooks of the People’s Republic of China.

Geomorphological variables, such as distances of hydrological
stations to the estuary (DTE), distances to the coastline (DTC), river
channel width (RW), and water depth (WD), were derived from multiple
sources (Table 1). The DTE is defined as the distance of a station to the
estuary. This variable was digitalized from the Hydrological Yearbooks of
the People’s Republic of China. Based on the locations and DTE, we
renamed the stations using the abbreviations of main branches plus the
ranking of stations according to the DTE values from the lowest to the

10.3389/fmars.2023.1065100

highest. The river channel width was an averaged width over a 400 -
500 m waterway around a station based on the high-resolution basemap
imagery in the ArcMap software package. We derived the river depth
(WD) through ETOPO1 Global Relief Model (https://www.ngdc.noaa.
gov/mgg/global/global.html). The river depth is the average water depth
within a 400 - 500 m buffer zone around each station. We also quantified
DTC values since tidal dynamics are closely related to the travel paths of
ocean waves. The coastline of PRE was derived from the Coastline
Extractor program, the GEODAS-NG (GEOphysical DAta System -
Next Generation) software developed by NOAA/National Geophysical
Data center (https://www.ngdc.noaa.gov/mgg/geodas/trackline.html).
We used the “Point Distance” command in ArcGIS 10.3 to measure
the distance of each station to the closest coastline (DTC). The rates of
sea-level changes were collected from the SOA, (2020) and tidal gauge
records from the study of Church and White (Church and White, 2006).

3.2 Statistical analyses

To better understand the factors causing the spatial variability of
tidal variables, we performed the Spearman’s rank correlation to test
relationships between the selected variables and geomorphological
features, river discharge, and SLR. Spearman’s rank correlation is a
nonparametric technique and evaluating the degree of correlation of
two independent variables through the ranks of the data (Gauthier,
2001). The nonparametric characteristics of Spearman’s rank
correlation can limit the impacts of non-normal distribution on
data analysis. We further conducted clustering analysis to
understand mechanisms regulating spatial patters of the tides. The
K-mean cluster with Elbow Method was applied to classify the 19
stations into several groups based on the four tidal variables’
similarity (mean values). We then calculated long-term trends of
tidal variables in each cluster using linear regression and tested the
statistical significance of the regression slopes for trend detections.
We used the P-values (statistical significance) of 0.05 to test whether
trends and correlations were statistically significant.
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FIGURE 1
Location of Pearl River Estuary (PRE) and the selected stations (Stations of different clusters were grouped in the Results).
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TABLE 1 The morphological characteristics at hydrological stations.

10.3389/fmars.2023.1065100

Station DTE (km) DTC (km)
West River MaKou WR5_MK 129 58.14 670 3.25
XianSha WR4_XS 61 30.76 667 -1.5
Da’ao WR3_DA 42 14.85 563 -5
ZhuYin WR2_ZY 25 0.05 700 -2.75
DengLongShan ‘WRI1_DLS 52 0 1821 -1.25
North River SanShui NR5_SS 116 55.09 632 7
SanDuo NR4_SD 65 41.72 406 1.25
RongQi NR3_RQ 41 17.96 394 3
BanShaWei NR2_BSW 33 11.84 841 -1.75
HengMen NR1_HM 4.8 -3.57 1863 -2
East River DaSheng ER3_DShe 2 23.05 809 -1
ShiLong ER2_SL 1 28.45 457 3.5
XinJiaPu ERI_XJP 1 2142 611 -1
Pearl River GuangZhouFuBiaoChang PR5_FBC 69 11.23 630 1.75
HuangPu PR4_HP 45 1.20 2470 -1
LaoYaGang PR3_LYG 21 2191 244 -4.33
SiShengWei PR2_SSW 2 0.02 1303 -1.5
DaShi PR1_DS 0.4 9.79 419 1.33
Near Shore ChiWan PRO_CW 0 -0.07 771 -2

DTC is the distance of hydrological stations to the coastline. DTE is the distance of hydrological stations to the estuary. RW is the river channel width and WD is the water depth.

In addition, the Complex Morlet wavelet (CMW) transform was
applied to detect periodical changes in each cluster. It is a complex
sine wave localized by a real-valued Gaussian window. The CMW is
useful in extracting time-frequency characteristics of non-stationary
vibration signals, such as tidal dynamics (Flinchem and Jay, 2000;
Lopes and Tenreiro Machado, 2017). The time domain and frequency
domain of CMW can be defined as follows:

Weouw(t) = o (eiww - e_%wé)e'%t2 (1)

where ¢ is the time; i is the imaginary operator; w, is the non-
dimensional frequency. In this study, w, is set to 6.0 to satisfy the
wavelet admissibility condition. The transform coefficient Wepry (1)
represents the signal strength (local wavelet spectra) of time scales.
The real parts of transform coefficients extract intensify (amplitude)
and phase information of time scales, showing the periodic
distribution of the signal in the time domain. The global wavelet
power spectra V (a) of clusters were also calculated to identify the
dominant periodic components:

Vie) = 5 3 ¥ (a5) @

where 7 is the length of the time series. Therefore, higher values of
the wavelet variance at a given scale suggest more times of peaks and
greater intensified values of the time series signal. All statistical
analyses were carried out using R version 4.1.0.
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4 Results
4.1 Spatial variability of tidal dynamics

Tidal variables presented substantial spatial variability in the PRE.
The AHTLs, ALTLs, and AMTLs increased with the increasing
distances from coastlines, but the AMTRs decreased from near-
shore regions to upper reaches (Table 2). AHTLs and ALTLs in the
lower reaches of PRE were less than those in the higher reaches, while
tidal ranges were higher for stations located closer to river inlets of the
estuary (Table 2). For stations (WR5_MK and NR5_SS) located along
the West and North rivers, the AHTLs were the highest, with values of
more than 6.90 m. Extremely high inter-annual fluctuations of
AHTLs were also found at the mentioned upstream stations
(WR5_MK and NR5_SS), as indicated by the largest SD values than
at the other stations. AHTLs tend to be smaller at the mouth of the
PRE. Similar statistical characteristics with the highest tidal levels and
SD values at the upper-reach stations and lowest tidal levels and SD
values at the lower-reaches stations were observed for ALTLs and
AMTLs. The annual mean tidal ranges (AMTRs) showed relatively
low values at the upper reaches and high values at the lower reaches,
suggesting increasing deviations between the daily high and low tidal
levels for stations closer to the coastline. The near-shore station
PRO_CW exhibited the highest AMTR of 1.36 m, which was about
3.8 times the lowest AMTR value observed at WR5_MK in the
upstream region of the West River (Figure 1).
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TABLE 2 Mean values and standard deviations (SDs) of the tidal currents and tidal ranges at 20 hydrological stations in PRE.

West River
WR5_MK 6.93 1.61 -0.32 0.18 0.83 0.17 0.36 0.11
WR4_XS 4.09 0.91 -0.55 0.10 0.72 0.20 0.51 0.08
WR3_DA 2.45 0.48 -0.73 0.10 0.34 0.10 0.63 0.10
WR2_ZY 1.95 0.28 -0.82 0.10 0.24 0.07 0.72 0.10
WRI1_DLS 1.75 0.38 -1.02 0.09 0.06 0.04 0.87 0.05
North River
NR5_SS 6.99 1.62 -0.34 0.20 0.81 0.18 0.37 0.14
NR4_SD 4.76 1.16 -0.55 0.09 0.77 0.17 0.81 0.10
NR3_RQ 2.65 0.52 -0.86 0.11 0.43 0.11 0.88 0.07
NR2_BSW 2.31 0.35 -1.01 0.09 0.29 0.09 1.03 0.09
NR1_HM 1.94 0.35 -1.04 0.08 0.13 0.07 111 0.07
East River
ER3_DShe 1.99 0.29 -1.66 0.24 -0.04 0.05 1.61 0.06
ER2_SL 455 1.47 -0.18 0.41 0.79 0.31 0.49 0.26
ER1_XJP 3.09 0.85 -0.72 0.34 0.48 0.20 0.97 0.30
Mouth of the PRE
PR5_FBC 3.44 0.28 -0.06 0.08 1.38 0.06 1.42 0.05
PR4_HP 2.03 0.29 -1.70 0.08 -0.05 0.04 1.64 0.05
PR3_LYG 2.16 0.31 -1.07 0.10 0.22 0.07 111 0.05
PR2_SSW 2.29 0.33 -1.41 0.12 0.26 0.05 1.62 0.06
PR1_DS 222 0.28 -1.45 0.09 0.08 0.05 1.51 0.06
Nearshore
PRO_CW 1.57 0.28 -1.89 0.10 -0.24 0.05 ‘ 1.36 0.03

AHTL, annual highest tidal level; ALTL, annual lowest tidal level; AMTL, annual mean tidal level; AMTR, annual mean tidal range.

To better understand factors leading to the differences in the  highest correlation coefficients with tidal variables among
mean and SD values of tidal dynamic variables at different stations, we  all factors. DTE and WD controls on tides were similar to
quantified controls of geomorphological variables on tidal levels ~DTC, but the correlation coefficients were smaller. RW
through Spearman’s Rank Correlation (Table 3). The DTC  demonstrated significantly negative correlations with AHTLs and
significantly influenced all tidal variables, as suggested by the = AMTLs (Table 3).

TABLE 3 Correlations between geomorphological variables and tidal level variables.

Red, orange, and yellow cells suggest positive correlations with P values less than 0.001, 0.005, and 0.05, respectively; Dark blue, blue, and light blue cells suggest negative correlations with P values less
than 0.001, 0.005, and 0.05, respectively.

DTG, distance of hydrological stations to the coastline; DTE, distance of hydrological stations to the estuary; RW, river width; WD, water depth; AHTL, annual highest tidal level; ALTL, annual lowest
tidal level; AMTL, annual mean tidal level; AMTR, annual mean tidal range.
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Since the variables showed significant variability in mean and SD
values, we tried the k-mean cluster analysis to sort all 19 stations into
clusters based on AHTLs, ALTLs, AMTLs, and AMTRs. After
exploring the optimal number of clusters, we grouped the stations
into three clusters, which present strong spatial patterns (Figure 2).
The first cluster are stations in the upper reaches of the rivers,
including WR5_MK, WR4_XS, NR5_SS, NR4_SD, ER2_SL, and
PR5_FBC; cluster 2 are stations in the mouth of PRE, including
ER3_Dshe, PR4_HP, PR2_SSW, PR1_DS, and PRO_CW; and cluster
3 are stations in middle and lower reaches of the rivers, including
WR3_DA, WR2_ZY, WR1_DLS, NR3_RQ, NR2_BSW, NR1_HM,
ER1_XJP, and PR3_LYG.

We obtained different temporal variability and trends at different
clusters (Table 4). For AHTLs, the highest value of 5.23 m was found
in Cluster 1, which was more than two times higher than that in
Clusters 2 (2.02 m) and 3 (2.29 m). A significant downward trend
(slope -0.044, P< 0.0001) was observed in Cluster 1. The decreasing
rate of 0.044 m/yr was the highest trend value in all clusters. Although
the mean values of AHTLs were both around 2 m in Clusters 2 and 3,
the trends in the annual time series were different from each other.
The mean values of AHTLs in Cluster 2 showed a significant upward
trend (slope 0.0074, P< 0.001) with the lowest variability (lowest SD

10.3389/fmars.2023.1065100

value, 0.38 m). In contrast, the mean values of AHTLs in Cluster 3 did
not show any significant trend, and the variability among stations was
higher (0.63 m) than that in Cluster 2. Similarly, we also found the
highest mean values of ALTLs (-0.34 m) and AMTLs (0.86 m) in
Cluster 1 and the lowest values of ALTLs (-1.63 m) and AMTLs
(0.0007 m) in Cluster 2. The mean values of these two tides were
significantly decreased with time in Cluster 1 (ALTL: slope -0.0081,
P<0.0001; AMTL: slope -0.0091, P< 0.0001) and increased with time
in Cluster 3 (ALTLs: slope 0.0034, P< 0.0001; AMTLs: slope 0.0022,
P< 0.0001). As for AMTRs, we found upward trends in all clusters,
but the increased rates varied with clusters. The mean value of
AMTRs was 0.59 m, the lowest in Cluster 1, but experienced the
highest increase with the rate of 0.0067 m/yr. The mean value of
AMTRs was the highest in Cluster 2 (1.55 m) with the lowest
increasing rate of 0.0016 m/yr.

4.2 Temporal variability of tidal variables

In addition to magnitudes and trends, periodic patterns in
different clusters were also compared to further understand long-
term changes in tidal levels. Most tidal variables showed high
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TABLE 4 Mean, Standard Deviations (SDs), and the temporal trends of four tidal variables in different clusters.

Clusters AHTL ALTL AMTL AMTR
Mean (SD), m Trends Mean (SD), m Trends Mean (SD), m Trends Mean (SD), m Trends
Cluster 1 5.23 (1.86) -0.044 *** -0.34 (0.27) -0.0081 *** 0.86 (0.28) -0.0091 *** 0.59 (0.36) 0.0067 ***
Cluster 2 2.02 (0.38) 0.0074 ** -1.63 (0.22) 0.0034 *** 0.0007 (0.17) 0.0022 *** 1.55 (0.12) 0.0016 ***
Cluster 3 2.29 (0.63) - -0.92 (0.20) -0.0036 *** 0.29 (0.16) - 0.95 (0.21) 0.0059 ***
AHTL, annual highest tidal level; ALTL, annual lowest tidal level; AMTL, annual mean tidal level; AMTR, annual mean tidal range. ** is P < 0.001, *** is P < 0.0001.
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FIGURE 3

The local and global power wavelet spectrum of the tidal variables in PRE. (A, B) are the local and global power wavelet spectrum of AHTLs, ALTLs,
AMTLs, and AMTRs in Cluster 1; (C, D) are the local and global power wavelet spectrum of AHTLs, ALTLs, AMTLs, and AMTRs in Cluster 2; (E, F) are the
local and global power wavelet spectrum of AHTLs, ALTLs, AMTLs, and AMTRs in Cluster 3.

proportions of long-period components of 30 years, in which  component shifts in AMTLs occurred after 50 years and 20 years in
relatively stable tidal cycles were observed and oscillated over the  Clusters 1 and 3, respectively. High proportions of 10- and 25-year
whole studied years (Figure 3). For AHTLs, a shift was observed from  periodic components were observed in local and global wavelet
a 12-year period component to 6- year and 16-year period  spectra in AMTLs in Cluster 2.

components in Cluster 1. A shift to a shorter year-period Since there were significant differences in tidal level variables
component was also found for AHTLs in Cluster 3 (middle and  among different periods, we further tested the primary energy drivers
lower reaches), while slight changes were found in the periodic  influencing tidal dynamics. The sea level has gradually increased in
analyses in Cluster 2 (mouth of the PRE). For ALTLs and AMTRs,  the recent 80 years. The mean SLR between 1950 and 2020 was about
evident periodic pattern shifts were found in Cluster 1, but relative 2.6 mm yr'', with an accelerated increased rate of 3.4 mm yr' in
symmetric patterns were observed in Cluster 2. The short-period  recent decades between 1980 and 2020 (Figure 4). The increased sea
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FIGURE 4

Time series of (A) sea level and (B) runoff. Sea level data was collection from Church and White (2006) and the SOA, (2020). Zero in 4 (A) represents the

1961-2020 averages for the sea level data.

level would directly influence the temporal variability of AHTLs,
ALTLs, AMTLs, and AMTRs. Generally, the mean AMTRs in
Clusters 1 and 3 enlarged with the increased SLR, in which the
correlation coefficients were larger than 0.87 (P< 0.0001, Table 5).
However, no statistically significant SLR control on AMTR (P > 0.05)
was found in Cluster 2. For the other three tidal level variables, the sea
level changes showed stronger impacts on the mean values of AHTLs
and ALTLs in the uppers (Cluster 1) and mouth of the estuary
(Cluster 2) (AHTLs in Cluster 1: r = -0.55, P< 0.0001, ALTLs in
Cluster 1: r = -0.64, P< 0.0001; AHTLs in Cluster 2: r = 0.43, P< 0.001,
ALTLs in Cluster 2: r = 0.57, P< 0.0001) than in the middle and lower
reaches of rivers (AHTLs in Cluster 3: r = -0.30, P< 0.05, ALTLs in
Cluster 3: r = -0.38, P< 0.05). In Cluster 1 (located in the upper
reaches of rivers), significantly negative relationships were found
between SLR and the mean AHTLs, ALTLs, and AMTLs. While in
Cluster 2 (located at the mouth of PRE), mean AHTLs, ALTLs, and
AMTLs showed similar upward trends as the SLR. In Cluster 3, mean
ALTLs and AMTLs showed negative correlations with SLR, but no
significant correlation was observed between mean AHTLs and SLR.

We further tested how SLR correlated with different tidal dynamic
variables for each station (Table 5). The results showed high
consistency with SLR controls on mean tidal dynamic variables for
Clusters 1 and 2. Negative correlations between SLR and AHTLs,
ALTLs, and AMTLs were observed for Cluster 1 stations. In contrast,
positive correlations between SLR and AHTLs, ALTLs, and AMTLs
were observed at the mouth of the estuary (Cluster 2). However, large
inconsistencies were observed for stations of Cluster 3. Specifically,
both positive and negative correlations between SLR and tidal
dynamic variables were found for stations of this cluster.

Besides SLR, we also analyzed the correlations between runoff and
tidal variables to investigate the river discharge controls on tides
(Table 5). For the river discharge time series data, only the river
discharge collected from the Makou station in the West River showed
0.11 P< 0.05).
Significantly increased river discharge with time in the North Rivers
was recorded at the Sanshui station (Figure 4B, R?=0.26, P< 0.0001).
We found no significant decreasing or increasing trend for the river
discharge collected from the Bolou station in the East River (P > 0.05).
When relating the river discharge data with tides, we discovered that

a slightly downward trend (Figure 4B, R

the river discharge changes were highly correlated with the AHTLs,
ALTLs, AMTLs, and AMTRs in Clusters 1 and 3. Significantly high
correlation coefficients were observed between the river discharge and
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mean values of AHTLs (r = -0.50, P< 0.0001), ALTLs (r = -0.52, P<
0.0001), and AMTLs (r = -0.83, P< 0.0001) in Cluster 3, in which
insignificant or weak SLR effects were found. However, for the
stations at the mouth of the estuary (Cluster 2), river discharge
only had weak controls on mean values of tidal ranges (r = 0.34, P<
0.05) and no impacts on other variables (P > 0.05). Specifically, not all
stations of the same cluster showed similar correlations with river
discharge. The larger volume of river discharge led to higher AHTLs,
ALTLs, and AMTLs across most stations in Clusters 1 and 3. Effects of
river discharge on AMTRs varied with the main flow path changes.
Negative correlations were found between the river discharge of the
Makou station and AMTRs in the West River, and between the river
discharge of the Sanshui station and AMTRs. No correlations or weak
positive correlations were found between river discharge and AMTRs
for most stations of the East River and the mouth of PRE.

5 Discussion

5.1 Geomorphological impacts on
tidal dynamics

Although the tide is an astronomical force-caused phenomenon,
it can be influenced by geomorphological variability, river discharge,
and climate change (Hoitink and Jay, 2016; Burgos et al., 2018;
Sulaiman et al., 2021). When the tidal wave propagates up the river,
the crest and trough of the wave also move up progressively. Such a
progressive wave can be significantly influenced by river width and
depth. The increased amplitude of tides would be expected if river
width/depth decreased since the same amount of water is passing
from a larger cross-section to a smaller cross-section (Hinton, 1996;
Talke et al., 2021). The tidal amplification due to the gradual decline
of the estuarine width is called funneling; and the tidal amplification
caused by the gradual decline of the estuarine depth is called shoaling.
Van Rijn (2011) further clarified that the funneling and shoaling
phenomena could be explained by the concept of tidal wave energy
flux. The squared tidal range would negatively linearly correlate with
the width if there was no energy loss and no reflection at the head.
Our study did not find significant correlations between AMTRs and
RWs or between AMTRs and squared RWs (r = 0.365, P > 0.05).
Instead, positivity correlations were found between water depth and
AHTLs, ALTLs, as well as AMTLs. The insignificant RW effects and
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significant WD effects on tidal levels can be explained by the bottom

Mean

friction that increased energy dissipates as the WD decreases (Hinton,
1996; Huess and Andersen, 2001; Yu et al., 2017).
Furthermore, decreasing tidal ranges over the DTC were observed

NR1_HM

due to the tidal wave reflection. This may be related to the impacts of
waterway lengths that the DTC reflects. During the tide
transformation, the wave propagation is reflected back from a

DLS

WR1

sudden decrease in width or close end, combined with the incident

wave, forming a standing tide wave (Van Rijn, 2011; Diez-Minguito

PR3_LYG

et al,, 2012). The waterway length along its travel can significantly
influence this standing tidal wave because of the energy loss (Davies
and Woodroffe, 2010). If the waterway is long enough, the tidal range

BSW.

NR2,

will decrease when moving up along river waterways. The reason is

that the reflected wave may coincide with the incident wave, and the

ER1_
XJP

two waves can cancel out parts of the wave energy (Khojasteh et al.,
2020; Khojasteh et al., 2021a; Khojasteh et al., 2022). In the PRE, the
tidal limits could reach as far as hydrological stations Gaoyao, Shijiao,
and Boluo stations in the West River, North River, and East River,
respectively (Figure 1), which are located further up from the 19
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selected stations for tide analysis (Zhang et al., 2010). The long
waterway length may be responsible for the negative relationship
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between tidal ranges and DTC values. Similar attenuation effects

NR3

caused by the waterway length were also observed in the study of
Khojasteh et al. (2020), which analytically demonstrated decreased
tidal ranges along with waterway lengths less than 100 km.

Mean

(%)
(a
=
oc
o

5.2 Energy driving forces on tidal dynamics

~ 25 3
& = 1= The astronomical forces lead to variations in tides, including daily
S <a cycles induced by the rotation of the Earth, fortnightly cycles caused
&F by the rotation of the Moon, semi-annual cycles caused by the annual
o T T revolution of the Earth around the Sun, as well as 4.4-, 8.8-, and 18.6-
ez year cycles induced from the orbital inclination between the Moon
and the Earth (Khojasteh et al., 2021b). However, previous studies
g z § also reported inter-annual cycle changes in estuaries during the 20"

and 21° centuries due to external forces, such as river discharge
changes and sea-level rise (Houston and Dean, 2011; Ezer and
Atkinson, 2014; Lee et al., 2017; Thompson et al., 2021). Increases
in river discharge and sea-level rise would enlarge water volume in the

Mean

head of PRE, causing a reduction in bed friction and increases in

NR4_SD

minor flood, which can lead to high recurrent high-tide flooding in
the coastal areas (Pelling et al., 2013a; Ezer and Atkinson, 2014;
Thompson et al., 2021). Our study also found similar decreases in

WR4_
XS

tidal inter-annual cycles over the past 70 years. Specifically, AHTLs

colors red, orange, and yellow suggest positive correlations with P values less than 0.0001, 0.001 and 0.05, respectively; colors dark blue, blue, and light blue suggest negative correlations with P values less than 0.0001, 0.001 and 0.05, respectively.

TABLE 5 Correlations between tidal level variables and sea level rise (SLR) and river discharge.

2 o § changed from around a 10-year to around a 6-year cycle at the rivers’
= w
S upper and middle reaches, suggesting an increase in the frequency of
0« 'g;\: high tidal level periods. Similarly, higher proportions in ALTL’s
= i longer-term cycles in recent decades suggested decreased
x - frequencies in extremely low tidal events, which may also be
o f explained by the friction reduction due to river discharge changes
= and sea-level rise (Pelling et al., 2013a).
oy & = = River discharge from upper reaches has been reported as other
g .2:: 3 & main forces influencing estuarine hydrodynamics (Horrevoets et al.,
| = | 2004; Hoitink and Jay, 2016; Talke et al., 2021). The flow volume is
— (= —
< I E S 5§ g g E S & determined by surface runoff and groundwater discharge, which can
h < << e 4 < < < . o
be amplified or reduced due to natural processes (e.g., precipitation
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and evapotranspiration) or anthropogenic activities (e.g., damming
and urbanization). In the PRE region, surprisingly, as an estuary
suffered from intensive human activities, only a slightly decreasing
trend in discharge was observed in one branch of the Pearl River
(Zhang et al., 2008). However, we still found changes in circular
periods as well as decreases in tidal heights in the upper and middle
reaches, where the river discharge significantly affected the tidal
variables. One possible explanation is the joint effects of river
discharge and SLR. Due to the bottom friction, river inflow
interacts with tides and distorts tidal hydrodynamics. During high
tide periods, the river current and the tidal current are in the opposite
direction, leading to an asymmetric effect that causes tidal distortions
and increases high tidal frequency, inducing a sharply increased tidal
level (Ensing et al., 2015; Thompson et al., 2021). SLR further changes
estuarine tidal energy and alters the circular patterns at different
locations (Khojasteh et al., 2021b). River flow attenuates tidal ranges
due to the increased low tidal levels when the ebb is larger than the
increased high tidal levels during a flood (Horrevoets et al., 2004).
Therefore, positive correlations were found between inflows and
AHTLs, ALTLs, and AMTLs, while negative correlations were
observed between inflows and AMTRs at the upper and middle
reaches of the rivers. However, the river flow impacts decreased due
to the increased SLR and the widening of river channels when
approaching the mouth of the estuary (Davies and Woodroffe,
2010; Khojasteh et al., 2020).

The SLR significantly influenced tidal dynamics. The AHTLs,
ALTLs, AMTLs, and AMTRs have been reported to increase with SLR,
which possible because the increasing volumes of exchange water in and
out of the PRE (Khojasteh et al., 2021b; Khojasteh et al., 2022). However,
the controls of SLR decreased with the DTC. At the upper reaches,
increasing energy losses of tides due to the bottom friction may loosen
the SLR controls (Khojasteh et al., 2022). Furthermore, interactions of the
SLR with other factors pose even complex influences on estuarine tidal
dynamics (Ensing et al., 2015; Palmer et al., 2019). Khojasteh et al. (2020)
suggested that tidal responses to SLR would perform differently between
restricted and unrestricted estuaries. The friction loss and head loss led to
the initial attenuation of tides, causing a reduction of tidal range at
locations close to the mouth of the estuary (Hanslow et al, 2018;
Kumbier et al.,, 2018). Therefore, the amplification of the tidal range
under SLR enlarged with increased longitudinal distance (Ensing et al.,
2015). Our study also observed increased SLR controls and enlarged
upward trends of AMTRs. In addition to the interactions between
geomorphology and SLR, decreased river discharges can offset or even
exceed controls of SLR at the upper reaches (Horrevoets et al., 2004).
Coastal recession would also interact with SLR, perturbating the natural
period of oscillation of the tides and increasingly causing a reduction in
tidal range (Pickering et al., 2017).

6 Implications from tidal changes

The latest Intergovernmental Panel on Climate Change (IPCC)
Sixth Assessment Reports emphasized that the interactions between
SRL and tidal changes can lead to extreme water level changes
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(Masson-Delmotte et al., 2021). A number of studies have
suggested that an allowance should be considered in studying the
SLR impacts due to the SLR effect on surge elevations and tidal levels
(Greenberg et al., 2012; Pickering et al.,, 2012; Pelling and Mattias
Green, 2013; Pelling et al., 2013a; Pelling et al., 2013b; Schuerch et al.,
2018). For example, the Dutch Delta committee applied a 10%
allowance for the SLR imposed effect on the storm surge and tides
(Vellinga et al., 2009). In this study, the AHTL changes exceed 10% of
the SLR at 7 of the 19 stations between 1950 and 2019 (See Table S1).
They are WR1_DLS, NR1_HM, ER3_Dashe, PR4_HP, PR2_SSW,
PR1_DS, and PRO_CW. The results suggest the extremely high tidal
levels in the coastline and the main Pearl River have exceeded the
allowance for normal variations and should be considered specially in
PRE management.

Our results have demonstrated that levels and amplitudes of tides
would be significantly affected by runoff discharge and
geomorphology, and the responses get even more complicated due
to climate change-induced SLR. The combined effects caused
significant differences in tidal dynamics over time and space. We
found significant upward trends in AHTLs, ALTLs, and AMTLs at
stations close to the coastline (Cluster 2). The elevated tidal levels,
especially the AMTLs would be one of the problems causing major
concerns since it would lead to more instances of nuisance flooding
(Chaumillon et al., 2017; Moftakhari et al., 2017; Burgos et al., 2018).
At stations upstream reaches, the extremely high decrease rate in
mean values of AHTLs suggests a decreased possibility of being
threatened by storm surge. However, we also found decreases in the
circular patterns, which led to a reduction in the durations of wet-dry
periods and an increase in the frequencies of high and dry seasons.
The acceleration in the wet-dry circle but the lower in the highest tides
would influence the hydrological regimes in the upper reaches of the
PRE, and ultimately impact the environment and ecology of the coast
and threaten human health (Mao et al., 2004; Zhang et al., 2010; Liu
et al., 2018). Therefore, it is of considerable importance to include
tidal level and circular pattern dynamics analysis in coastal
hydrodynamic studies to better assess possible risks due to climate
change and anthropogenic disturbances. This investigation is
expected to benefit efficient coastal habitat protection and
contribute to achieving sustainable development goals.

7 Further studies

Our analysis is based on long-term observations and widely used
statistical methods. It demonstrated that the spatial and temporal
changes occurred, and the change characteristics varied between the
mouth and the upper reaches of PRE. This time series analysis of tides
is the basis for understanding tidal hydrodynamics of this region in
recent decades and would provide valuable information on coastal
habitat and ecology protection. Further studies, such as how changes
in tides influenced sediment and nutrient transport in PRE, how
changes in tides influenced the vegetation composition and fishery in
PRE, and how changes in tides increase/decrease the risk of flooding
in PRE, can be developed based on this study.
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