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Tidal variability and coastal upwelling are some of the most important processes in
global shelf seas. With observations and high-resolution numerical simulation, we
investigate the synoptic-to-intraseasonal variations in tidal temperature variability to
the east of the Leizhou Peninsula and Qiongzhou Strait in the northern South China
Sea and clarify the underlying dynamics. The results indicate that tidal temperature
variability is most significant in a narrow meridional band in shallow waters (< 40 m)
to the east of the Leizhou Peninsula and Qiongzhou Strait in the summer when there
are strong thermal fronts located on the sea floor slope. The summer mean diurnal
standard deviation of hourly temperature can reach up to 0.93°C. Tidal temperature
variability in summer exhibits no spring-neap cycles but strong synoptic-to-
intraseasonal variations, with the diurnal standard deviation of hourly temperature
varying significantly from 0°C to 2.36°C. Further analyses indicate that synoptic-to-
intraseasonal variations in tidal temperature variability in the summer are
predominantly caused by wind-driven coastal upwelling. When southerly winds
are weak, coastal upwelling is weak and leads to the offshore thermal front being
located far away from the Leizhou Peninsula. Waters between the offshore thermal
front and the Leizhou Peninsula/Qiongzhou Strait are mixed well and experience
insignificant tidal temperature variability. When southerly winds are strong, coastal
upwelling is strong and results in the offshore thermal front moving westward close
to the Leizhou Peninsula. This facilitates the formation of the nearshore thermal front
in combination with the complex topography and tidal currents. Tidal current-
induced swinging of the nearshore thermal front then generates significant tidal
temperature variability. The above results highlight the importance of coastal
upwelling/downwelling in modulating tidal temperature variability near ocean
thermal fronts in the shelf seas.

tidal variability, ocean thermal front, coastal upwelling, synoptic-to-intraseasonal
variation, shelf sea dynamics
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1 Introduction

The northern South China Sea (SCS) is one of the major
subtropical shelf seas of the world. It spans from the Beibu Gulf
in the west to the Taiwan Shoal in the east, with the bathymetry
contours running roughly parallel to the coastline (Figure 1). Ocean
dynamic processes in the northern SCS are primarily controlled by
the East Asian monsoon (Hu and Wang, 2016), with prevailing
southwesterly winds in summer and northeasterly winds in winter.
In addition, they are also influenced by tides (Li et al., 2020), river
discharges (Gan et al., 2009; Liu et al., 2020), topography (Xie et al.,
2012; Lin et al, 2016), and large-scale circulation from the open
ocean (Chen et al,, 2020; Xu and Oey, 2015; Yuan et al., 2009).
Consequently, ocean dynamic processes in the northern SCS are
highly complex and variable, rich in tidal variability, internal waves,
mesoscale eddies, ocean fronts, coastal currents, and upwelling/
downwelling (Xie et al.,, 2017, 2024; Shu et al., 2018; Chen et al,,
2022; Cui et al., 2024; Hu S. et al.,2024; Lin and Gan, 2024). Among
others, tidal variability and coastal upwelling are some of the most
important processes influencing the physical-biogeochemical
conditions at multiple time scales, especially near ocean fronts
(Jing et al., 2009; Hu and Wang, 2016; Liu et al., 2020; Mou et al,,
2022; Lin and Gan, 2024). Based on satellite observations, previous
studies have identified the major ocean fronts in the northern SCS,
including the Taiwan Bank Front, Min-Yue Coastal Front,
Estuarine Front of the Pearl River, Coastal Front of Eastern
Hainan Island, and Coastal Front of Beibu Gulf (Wang et al,
2001; Zhang et al,, 2021; Tan et al., 2023). These ocean fronts can
be categorized by their formation mechanisms into tidal mixing
fronts, upwelling fronts, and estuarine plume fronts (Liu et al,
2022). Ocean fronts usually experience significant seasonal
variations, i.e., strong in winter and weak in summer in the sea
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surface layer. In the subsurface and bottom layers, however, both in
situ measurements and high-resolution numerical simulations
reveal that strong ocean fronts also persist during the summer
(Liu et al., 2022).

In the literature, there have been many studies revealing the
significant tidal variabilities and associated spring-neap cycles of the
physical-biogeochemical conditions in the northern SCS, especially
near oceanic fronts in large river estuaries, based on observations,
numerical simulations, and data assimilation (Liu et al., 2020; Yan
et al, 2020; Yang et al,, 2022; Zhi et al,, 2022). The underlying
mechanisms primarily include tidal current advection and tide-
induced turbulent mixing, both of which play essential roles in the
three-dimensional transports of energy and materials within the
shelf seas (Yu et al., 2022; Wu et al., 2025). Coastal upwelling is also
observed to occur frequently in the northern SCS, bringing cold and
nutrient-rich waters upward from the sea bottom to the sea surface
and thus greatly influencing the regional climate and marine
ecosystem (Jing et al., 2009; Hu and Wang, 2016; Lao et al,
2022). Coastal upwelling in the northern SCS is largely controlled
by topographic features, tidal forcing, river discharges, and sea
surface wind forcing (Jing et al., 2009; Gan et al., 2009; Wang et al.,
2014, 2015; Li et al., 2020).

Previous studies have greatly advanced our knowledge of the
dynamics of tidal variability and coastal upwelling in the northern
SCS. Particularly, many studies proved that tidal forcing could
greatly affect the complex three-dimensional coastal upwelling
dynamics (Lii et al.,, 2008; Lin and Gan, 2024). However, whether
coastal upwelling can modulate tidal variability or not is still
unknown. Recently, we found that coastal upwelling can cause
significant synoptic-to-intraseasonal variations in tidal temperature
variability near a strong shelf front east of the Leizhou Peninsula
and Qiongzhou Strait in the summer. With observations and high-
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FIGURE 1

(A) Bathymetry (m) in the northern and central SCS. Pink dots mark the locations of eight rivers entering the northern SCS, namely, the Pearl River,
Nanliu River, Dafeng River, Qin River, Maoling River, Fangcheng River, Beilun River, and Red River, from east to west. Black triangles denote the
locations of 78 tide gauge stations in the coastal areas of the northern SCS and the green triangle denotes the submarine cable real-time
observation station in the southeastern coastal waters of the Hainan Island. The blue solid lines represent the three open boundaries for the model
domain. (B) Bathymetry (m) in the study area. Black triangles denote the locations of nine tide gauge stations in the study area. The pink star denotes
110.80°E, 20.50°N, where the most significant tidal temperature variability occurs in summer, and is marked as M. The zonal and meridional dashed

lines denote Secl and Sec2, which intersect at M.
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resolution numerical simulations, the objectives of the current study
are to document in detail the synoptic-to-intraseasonal variations in
tidal temperature variability caused by coastal upwelling east of the
Leizhou Peninsula and Qiongzhou Strait and clarify the underlying
dynamics. The rest of the paper is organized as follows. Section 2
presents the data, model configuration, and methodology. Section 3
presents the seasonal and synoptic-to-intraseasonal variations in
tidal temperature variability east of the Leizhou Peninsula and
Qiongzhou Strait derived from the numerical simulation. Section
4 investigates the underlying dynamics. Section 5 provides a
brief summary.

2 Data, model configuration and
methodology

2.1 Observations

We adopted bottom layer temperatures (BLTs) and water
depths obtained by a submarine cable real-time observation
system (SCROS) to validate the model’s results. The SCROS has
been deployed in the marine ranching area around Zhouzai Island
since 2022, which is located in the eastern coastal areas of Hainan
Island (green triangle in Figure 1A). The SCROS is located at the sea
bottom and continuously measures bottom water temperature,
salinity, and depth with a 5-min time interval using a HydroCAT
conductivity-temperature-depth-oxygen recorder (Zhai et al., 2020,
2021). The submarine cable real-time observations in the coastal
waters of Hainan Island are from February 2022 to June 2023.

Harmonic constants of four main tidal constituents Oy, K, M,
and S, at 78 tidal gauge stations (black triangles in Figure 1A) in the
northern SCS were gathered from previous studies (e.g., Shi et al.,
2002; Zu et al., 2007; Chen et al., 2009) and compared with those
derived from the model’s results.

In addition, we used sea surface temperatures (SSTs) observed
by a moderate-resolution imaging spectroradiometer (MODIS) to
validate the model’s outputs and examine the spatiotemporal
variations in surface layer thermal fronts. The daily SST data were
downloaded from the OceanColor website. The MODIS SST has a
horizontal resolution of approximately 4 km and spans from July
2002 to the present.

2.2 Model configurations

The Semi-implicit Cross-scale Hydroscience Integrated System
Model (SCHISM) was employed to conduct the numerical
simulation. SCHISM is a three-dimensional semi-implicit cross-
scale modeling system developed based on a Semi-implicit
Eulerian-Lagrangian Finite Element (Zhang and Baptista, 2008;
Zhang et al,, 2016). It employs unstructured grids and utilizes a
semi-implicit finite element/finite volume method along with a
semi-implicit time discretization method to solve the Navier-Stokes
equations. SCHISM can perform efficient and accurate numerical
simulations in regions with complex coastlines and topography
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(Wu et al., 2023a; Yan et al., 2024; Hu L. Y. et al., 2024).
Additionally, SCHISM provides localized sigma coordinates with
shaved cells for a vertical coordinate system, which combines the
advantages of traditional z coordinates and terrain-following
coordinates, thereby improving the simulation of bottom layer
processes (Zhang et al., 2015).

The model domain covers the northern and central SCS,
extending zonally from 105.1°E to 121.7°E and meridionally from
11.4°N to 25.4°N (Figure 1A). The coastline data were derived from
global self-consistent, hierarchical, high-resolution geography data.
The horizontal grid size was set to 1-2 km in coastal and reef
regions to better simulate the hydrodynamics. It gradually increased
seaward and was approximately 20 km in the offshore deep ocean.
The entire model domain contained 73,336 nodes and 142,948 grid
elements. Localized sigma coordinates with shaved cells were
employed for the vertical coordinate system. There were 21 layers
in the coastal areas shallower than 50 m and up to 51 layers in
offshore areas deeper than 50 m. The bathymetry data were
interpolated from the Shuttle Radar Topography Mission 15Plus
V2.1 (Tozer et al., 2019).

The initial and boundary conditions for the model were
interpolated from the global 1/12° reanalysis data with 41 layers
prepared with the Hybrid Coordinate Ocean Model and Navy
Coupled Ocean Data Assimilation. Harmonic constants of eight
major tidal constituents (M,, S,, N,, Ky, Kj, Py, Oy, and Q) were
extracted from the global ocean tidal atlases of Finite Element
Solution 2014 (Lyard et al., 2021) and were applied to the model for
tidal forcing. To improve the simulation accuracy, eight major
rivers were considered in the model, namely the Pearl River, Nanliu
River, Qin River, Fangcheng River, Dafeng River, Maoling River,
Beilun River, and Red River. Climatological monthly mean values of
the rivers’ runoff were used in the model (Wu et al., 2023b). In the
river estuaries, the temperature was obtained from the MODIS
climatological mean SST, and salinity was set to 5 PSU (Wu et al,,
2023a). Hourly atmospheric variables forcing the model at the sea
surface came from the fifth generation of the global reanalysis
dataset of the European Centre for Medium-Range Weather
Forecasts (ERA5; Wu et al., 2020).

The numerical simulation spans the period from 1 October
2020 to 29 February 2024 with a time step of 120 s. Hourly results
were output and analyzed.

2.3 Statistical parameters

For two time series (or spatial maps) of x and y, we calculated
four statistical parameters, namely the correlation coefficient
(CC), mean absolute error (MAE), root mean square error (RMSE),
and agreement index (Skill). Their definitions are presented as
follows

CC = — 2\ D0-0)
VS G S, G- ()

1)

MAE = 2=k &)

frontiersin.org


https://doi.org/10.3389/fmars.2025.1553764
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

RMSE = /2t 3)

S @

Skill =1 - S (=) =)D’

In Equations 1-4, x; and y; represent the simulated and
observed values, respectively. The n is the number of time
moments (or grid points) and () denotes the mean value over all
the time moments (or grid points). In the current study, the linear
correlation coefficients are all above the 95% confidence level unless
otherwise specified.

2.4 Temperature budget equation

The temperature budget equation at any grid point (x, y, z) is
written as

oT _ (9T 9T aT a(KV%)w

ar - \"ax "Vay "oz dz NG
~—~

RATE DV VDIF

with the following surface and bottom boundary conditions

(Ky §5)em0 = it (6)
(Ky §5)ey =0 @)

In Equations 5-7, T, h, po, and C, represent water temperature,
depth, mean density (1,025 kg:m ™), and specific heat capacity at
constant pressure (4,007 ]-kg_1~°C_1), respectively. u, v, and w are the
zonal, meridional, and vertical velocities, respectively. Q,, is the net
sea-air heat flux. Ky is the vertical turbulence-induced heat
diffusivity. RATE denotes the total temperature change rate. ADV
represents the temperature change rate caused by three-dimensional
current transport, and VDIF represents the temperature change rate
caused by turbulence-induced vertical diffusion. D, is the
temperature change rate caused by horizontal diffusion. The
contribution of Dj, is two to three orders of magnitude smaller
than that of ADV and thus is disregarded here. The depth-averaged
temperature budget equation at any grid point (x, y) can then be
written as Equation 8

RATE = ADV + SHF (8)

where the overbar ~ denotes the vertical average over the whole
water column and SHF = Q¢ /(pohC,).

2.5 Magnitude of tidal temperature
variability

As illustrated in the following sections, seawater temperature in
the study area displays multi-scale variabilities. Within 1 lunar day,
temperature is usually dominated by tidal variability. However, the
magnitude of tidal temperature variability exhibits significant
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synoptic-to-intraseasonal variations. In some days, temperature
shows no significant tidal variability. In the current study, the
diurnal standard deviation (STD) of hourly temperature was used
to quantify the magnitude of tidal temperature variability and is
calculated as follows. For each lunar day, 24 hours of hourly
temperature are first detrended to exclude subtidal signals. The
resultant hourly temperature anomalies (") in that lunar day are
then used to calculate the diurnal standard deviation following

/2T y /n_1> Where n=24. Note that one can obtain nearly the

same results with 25 hours (n=25) of hourly temperature for 1
lunar day.

3 Tidal temperature variability

3.1 Comparison of numerical simulation
with observations

We compared the observed harmonic constants of the four tidal
constituents with the model results at the tidal gauge stations
(Figures 2A, B). The correlation coefficients for the amplitudes of
the Oy, K, M,, and S, tidal components were 0.98, 0.95, 0.99, and
0.97 between the observations and the model’s results, and those for
the phases of the O;, K;, M,, and S, tidal components were 0.99,
0.99, 0.99 and 0.98 between the observations and the model’s
results. The mean absolute errors for the amplitudes of the Oy,
K}, M,, and S, tidal components were 0.06 m, 0.06 m, 0.06 m, and
0.03 m between the observations and the model’s results, and those
for the phases of the O;, K;, M,, and S, tidal components were
5.85° 9.91° 12.19° and 16.29° between the observations and the
model’s results. The root mean square errors for the amplitudes of
the Oy, K, M, and S, tidal components were 0.10 m, 0.08 m, 0.08
m, and 0.03 m between the observations and the model’s results,
and those for the phases of the Oy, K}, M,, and S, tidal components
were 8.84°, 11.96°, 16.83° and 21.22° between the observations and
the model’s results. The above statistical parameters indicate that
the simulated tidal harmonic constants agree with the observations
for all the four main tidal constituents at most stations.

We further compared the 3-year (March 2021-February 2024)
mean SST in satellite observations and model simulations in the
four seasons (Figures 2C-J). The numerical simulation accurately
reproduced the satellite-observed seasonal variations in SST in the
SCS, with spatial correlation coefficients ranging from 0.64 in
autumn to 0.90 in winter and agreement indices ranging from
0.65 in autumn to 0.92 in winter between them. Especially in
summer, the model’s results show two low SST centers around
20.5°N, similar to the satellite observations.

In addition, we also compared the SCROS-observed and model-
simulated hourly sea surface height anomaly (SSHA) and BLT in
the southeastern coastal waters of Hainan Island. The SCROS-
observed hourly SSHA and model-simulated hourly SSHA showed
a high correlation coefficient of 0.90 and agreement index of 0.95
but relatively low mean absolute error of 0.11 m and root mean
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FIGURE 2
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square error of 0.17 m during the SCROS observation period of
February 2022 to May 2023 (Figure 2K). Figure 2L presents the tidal
variations in hourly SSHAs in both the SCROS observations and the
numerical simulation in July 2022, which agree with each other,
showing a high correlation coefficient of 0.98 and agreement index
0f 0.99 but low mean absolute error of 0.06 m and root mean square
error of 0.08 m. The SCROS-observed daily BLT and model-
simulated daily BLT also agree with each other, with a high
correlation coefficient of 0.94 and agreement index of 0.96 but
low mean absolute error of 0.78°C and root mean square error of
0.95°C (Figure 2M).

The above comparisons confirm that our numerical simulation
captures well both the tidal and subtidal variations in the
hydrodynamics in the coastal waters of the northern SCS.

10.3389/fmars.2025.1553764

3.2 Seasonal temperature variations

Figure 3 shows the three-dimensional structure of the 3-year
seasonal mean temperature in the study area. In spring, SST
remains relatively uniform in space, ranging from 23°C to 27°C
(Figure 3A). It increases significantly from spring to summer,
exceeding 30°C in the coastal regions and with a cold center to
the east of the Leizhou Peninsula (Figure 3B). It begins to decrease
in autumn (Figure 3C) and reaches its lowest values in winter,
ranging from 18°C to 23°C (Figure 3D). Due to the shallow water
depths in the coastal areas, BLT basically agrees with SST, being
warmer in summer and cooler in winter (Figures 3E-H). However,
SST and BLT experience quite different spatiotemporal variations in
their horizontal gradients. To the east of the Leizhou Peninsula,
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FIGURE 3

Three-dimensional structure of the 3-year seasonal mean temperature (°C) in the study area from the numerical simulation. (A—=D) SST (contour) and
its horizontal gradient (°C km™; color) in spring, summer, autumn, and winter, respectively. (E-H) Same as (A-D) but for BLT (contour) and its
horizontal gradient (°C km™; color). (I-L) Same as (A-D) but for temperature at Secl to the east of the Leizhou Peninsula. (M—P) Same as (A-D) but

for temperature at Sec?2 to the east of the Leizhou Peninsula.
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significant SST gradients appear in both summer and winter. The
large SST gradient in summer is basically located close to the east
coast of the Leizhou Peninsula and should be related to the
existence of the surface cold center. The large SST gradient in
winter is located far away from the east coast of the Leizhou
Peninsula and forms a strong ocean front to separate offshore
warm waters from nearshore cold waters (Figures 2F, G, 3D;
Wang et al, 2001). In contrast, significant BLT gradients only
appear in summer and are much stronger than SST gradients. They
form a strong ocean front located close to the east coast of the
Leizhou Peninsula and east entrance of the Qiongzhou Strait.

Figures 3I-P further show the 3-year seasonal mean
temperature along two sections to give more detail of the three-
dimensional temperature structure in regions between the east coast
of the Leizhou Peninsula and the strong winter offshore SST front.
As displayed in Figure 1B, Secl extends zonally along 20.5°N from
the east coast of the Leizhou Peninsula at 110.5°E to offshore areas
at 111.3°E, and Sec2 extends meridionally along 110.8°E from the
northeast coast of Hainan Island at 20.0°N to 21.4°N. Secl and Sec2
intersect at 110.8°E, 20.5°N, where the most significant tidal
temperature variability exists, as will be shown in the following
subsection. The most striking feature in Figures 3I-P is the
coexistence of the pronounced ocean thermal front and
stratification below the sea surface layer in summer. The
significant ocean thermal front is located on the sea floor slope,
where the topography changes dramatically from nearshore regions
to offshore regions (Figures 1B, 3]J; Bai et al,, 2020). It is formed
primarily due to the enhanced solar radiation and tidal mixing, with
possibly secondary contributions from sea surface winds (Simpson
and Bowers, 1981; Bai et al., 2020; Wu et al., 2023b). Isotherms
above the deep ocean fronts are shallower than those in the offshore
regions, indicating the upwelling of cold waters, which subsequently
forms the surface cold center and results in large SST gradients to
the west, as seen in Figure 3B. In contrast, the water column is well-
mixed vertically in winter, resulting in the disappearance of ocean
thermal stratification.

3.3 Seasonal variations in tidal temperature
variability

Figures 4A-H show the seasonal mean diurnal standard
deviation of hourly temperature in the sea surface and bottom
layers in the four seasons. First, tidal temperature variability is
generally stronger in the bottom layer than in the surface layer in all
four seasons. Second, the seasonal mean diurnal standard deviation
of hourly temperature is largest in summer (~0.93°C), followed by
spring (<0.40°C), and is smallest in autumn and winter (<0.30°C) in
both the surface and bottom layers. Third, large values of summer
mean diurnal standard deviation of SST and BLT only exist in a
narrow band extending from 110.5°E to 111°E in the zonal direction
and from 20°N to 21.2°N in the meridional direction in shallow
waters (<40 m) to the east of the Leizhou Peninsula and Qiongzhou
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Strait. The most pronounced tidal temperature variability occurs at
110.80°E, 20.50°N (M; the pink star in Figures 1B, 4) to the
southeast of the Leizhou Peninsula.

We further examined the seasonal mean diurnal standard
deviation of hourly temperature along Secl and Sec2 to provide
more insights into the three-dimensional structure of tidal
temperature variability (Figures 4I-P). As clearly seen in Figure 4,
tidal temperature variability is much stronger throughout the water
column in summer than in other seasons. In summer, tidal
temperature variability is largest in the bottom layer and weakens
upward to the sea surface. Horizontally, strong tidal temperature
variability mainly occurs on the landward side of the offshore thermal
front (Figures 4F, J). This finding suggests that the spatiotemporal
variations in tidal temperature variability in the study area should be
closely related to activities of ocean thermal fronts, and the detailed
underlying dynamics will be discussed in Section 4.

3.4 Tidal temperature variability in summer

The above results indicate that tidal temperature variability is
strongest in summer. Thus, one important question is whether the
magnitude of tidal temperature variability in summer remains
unchanged or varies significantly with time. For that purpose,
Figure 5A compares the hourly time series of SST and BLT at M
in the summers of 2021-2023, which are essentially equal to each
other. Spectral analyses of hourly time series of SST and BLT
indicate that both SST and BLT are dominated by tidal variability
within 1 lunar day. Unexpectedly, tidal variabilities of both SST and
BLT exhibit strong synoptic-to-intraseasonal variations, being
significant on some days but insignificant on other days. To
clearly see this, we show in Figure 5A the daily time series of
diurnal standard deviation of hourly BLT (black dashed line), which
is nearly the same as that of hourly SST. The diurnal standard
deviation of hourly BLT exhibits strong synoptic-to-intraseasonal
variations with a large range of 0°C-2.36°C. Synoptic-to-
intraseasonal variations in the magnitude of tidal temperature
variability have no predominant periods and are quite different
from the spring-neap variability.

To give more details on the three-dimensional structure of
synoptic-to-intraseasonal variations in tidal temperature variability,
we calculated the top 10% and last 10% of the diurnal standard
deviation of hourly temperature in the summer of 2021 and display
the results in Figures 5B-I. Similar results were obtained in the
summers of 2022-2023 (Figure not shown). The most notable feature
is that synoptic-to-intraseasonal variations in tidal temperature
variability also vary in magnitude significantly with space. The top
10% diurnal standard deviations of hourly BLT and SST share similar
spatial distributions to seasonal mean diurnal standard deviations of
hourly BLT and SST (Figures 4B, F). Note that the top 10% diurnal
standard deviation of hourly BLT is generally larger than that of
hourly SST, further proving stronger tidal temperature variability in
the bottom layer than in the surface layer. Large values (1°C-2°C) of
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the top 10% diurnal standard deviations of both hourly BLT and SST
are concentrated in the same narrow band in shallow waters to the
east of the Leizhou Peninsula and Qiongzhou Strait to the seasonal
mean diurnal standard deviations (Figures 4B, F). In contrast, the last
10% diurnal standard deviation of hourly temperature is universally
small (<0.2°C) over the entire study area, showing much smaller
spatial difference than the top 10% diurnal standard deviation of
hourly temperature. The detailed vertical structure of synoptic-to-
intraseasonal variations in tidal temperature variability can be clearly
seen from the top 10% and last 10% diurnal standard deviations of
hourly temperature along Secl and Sec2. Overall, synoptic-to-
intraseasonal variations in tidal temperature variability decrease in
magnitude upward from the sea bottom to the sea surface.

The above results highlight the significant synoptic-to-
intraseasonal variations in the magnitude of tidal temperature
variability in shallow shelf waters to the east of the Leizhou
Peninsula and Qiongzhou Strait in the summer.
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4 Mechanisms

4.1 Diurnal variations in tidal currents and
horizontal temperature gradient

In this section, temperature budget analyses are presented to
identify the underlying dynamics controlling tidal temperature
variability in the study area in the summers of 2021-2023. For
that purpose, we calculated the depth-averaged temperature budget
terms over the whole water column at each grid point in the study
area. Figure 6A shows the hourly time series of the depth-averaged
temperature budget terms at M. The most prominent feature is that

RATE equals ADV, especially in days when tidal temperature
variability is significant. The agreement index between hourly

time series of RATE and ADV in the summers of the three years
is approximately 0.99. As an example, Figure 68 shows the hourly
time series of the depth-averaged temperature budget terms at M on
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Leizhou Peninsula.

25 June 2021, and one can see that RATE is predominantly
controlled by ADV.

In addition, we also examined the spatial distributions of
temperature budget terms at different time points in 1 day.
Figures 6C-F display the 6-hourly maps of RATE, which basically
equal to ADV (Figures 6G-]) over the whole study area. The above
findings indicate that tidal temperature variability in the study area
is predominantly controlled by current heat transport, while the
contributions of air-sea heat exchange can be disregarded.

Current heat transport is the product of current velocity and
horizontal temperature gradient. Therefore, it is useful to examine
whether there are synoptic-to-intraseasonal variations in
magnitudes of hourly current and horizontal temperature
gradient. As an example, Figures 7A, B show hourly time series of
SSHA and bottom current velocity at M during the summer of 2021.
As clearly seen from the figure, both SSHA and bottom currents are
dominated by tidal dynamics within 1 lunar day and their
magnitudes exhibit significant spring-neap cycles. One can obtain
similar results in the summers of 2022-2023. This finding strongly
indicates that tidal currents experience no synoptic-to-intraseasonal
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variations in the summer, and therefore are not responsible for the
synoptic-to-intraseasonal variations in the magnitude of tidal
temperature variability in the study area in the summer.

Based on the above results, we hypothesize that the horizontal
temperature gradient should play a dominant role in generating
synoptic-to-intraseasonal variations in the magnitude of tidal
temperature variability. To gain more insight into the underlying
dynamics, we analyzed the hourly evolution of tidal current vector
and horizontal BLT gradient on 16 and 25 June 2021 in detail. As
shown in Figure 5A, tidal temperature variability is quite weak on
16 June, but is very strong on 25 June. Figure 7C shows that hourly
SSHA on the two days displays significant and comparable tidal
variations, quite different from hourly temperature (Figure 5A).

Figures 7D-K then give the 6-hourly maps of hourly tidal
current vector and horizontal BLT gradient during flood tides
and ebb tides on the 2 days. Note that in the whole study period,
tidal current vectors and BLT fronts show similar hourly variations
in days with weak tidal temperature variability to those on 16 June
but show similar hourly variations in days with strong tidal
temperature variability to those on 25 June. Both flood currents
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(A) Hourly time series of depth-averaged temperature budget terms (°C h™) at M in the summers of 2021-2023. (B) Hourly time series of depth-
averaged temperature budget terms (°C h™) on 25 June 2021. (C—F) Six-hourly maps of depth-averaged temperature change rate (RATE, °C h™) on
June 25, 2021. (G=J) Same as (C—F) but for depth-averaged current heat transport (ADV, °C h™%).

and ebb currents have similar magnitudes and spatial distributions
on the 2 days. However, the horizontal BLT gradient shows quite
different spatiotemporal variations on the 2 days. On 16 June, there
is only the offshore BLT front extending along the topographic
contours on the sea floor slope. This offshore BLT front experiences
no significant changes during the tidal cycles. Therefore, horizontal
BLT gradients in the nearshore regions are nearly zero and thus lead
to insignificant tidal temperature variability. In contrast, horizontal
BLT gradients experience more complicated changes on 25 June.
First, the oftshore BLT front on the sea floor slope moves much
closer to the coastline in the north. Second, there is another BLT
front in the nearshore region between the coastline and the offshore
BLT front on the sea floor slope. The nearshore BLT front is mainly
south of 21.2°N, with a much shorter length than the offshore BLT
front, and swings back and forth in the directions of tidal
current vectors.

The above findings strongly suggest that significant tidal
temperature variability is dynamically related to the formation
and tidal current-induced swinging of the nearshore temperature
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front. From this, one can also easily understand that the significant
tidal temperature variability is concentrated in a narrow band south
of 21.2°N (Figures 4, 5) because the nearshore BLT front occurs
south of 21.2°N (Figures 7H-K).

4.2 Synoptic-to-intraseasonal variations in
ocean thermal fronts

In addition to diurnal variations, the above results also suggest
that strong synoptic-to-intraseasonal variations in the magnitude of
tidal temperature variability in the study area in the summer are
dynamically caused by strong synoptic-to-intraseasonal variations
in the nearshore thermal front. Therefore, exploring the dynamics
for the synoptic-to-intraseasonal variations in tidal temperature
variability becomes equivalent to clarifying the causes for the
synoptic-to-intraseasonal variations in the nearshore thermal
front. For that purpose, we calculated the correlation coefficients
of the diurnal standard deviation of hourly BLT at M with daily BLT
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(A) Hourly SSHA (m) and its diurnal standard deviation at M during the summer of 2021. (B) Hourly bottom current velocity (m s™) and its diurnal
standard deviation at M during the summer of 2021. (C) Hourly SSHA (m) at M on 16 and 25 June 2021. (D—G) Six-hourly maps of tidal current

vector (arrow; m s™%)

and horizontal temperature gradient (color; °C km™) in the bottom layer on 16 June 2021, when tidal temperature variability is

weak. (H=K) Same as (D-G) but on 25 June 2021, when tidal temperature variability is strong.

and daily BLT gradient. As shown in Figure 8A, the correlation
coefficients between the diurnal standard deviation of hourly BLT at
M and daily BLT gradient are widely positive in the nearshore
regions between the coastline and offshore thermal front. The
positive correlation coefficient is largest in a narrow southeast-
northwest band (correlation coefficient=0.8-0.91; region G in
Figure 8A) adjacent to M.

As shown in Figure 8B, the correlation coefficients between the
diurnal standard deviation of hourly BLT at M and daily BLT are
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generally positive at the east entrance of the Qiongzhou Strait and in
the eastern coastal areas of the Leizhou Peninsula but are more
significantly negative in the offshore frontal areas. In particular,
there is a meridional band extending northward from M to
approximately 21.0°N (region E in Figure 8A) and showing
highly negative correlation coefficients of —0.84 to —0.8. To clearly
display their relationship, Figure 8C further compares the diurnal
standard deviation of hourly BLT at M, daily mean BLT gradient
averaged over region G, and daily mean BLT averaged over region

frontiersin.org


https://doi.org/10.3389/fmars.2025.1553764
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al. 10.3389/fmars.2025.1553764
30 30' 1
2
5
21°N — 21N 0.5 '3
=
(3
[}
3
30" 30" 1
0 =]
o
=
=
20°N | 209N | 0.5 &
=]
O
Mfoce 30 111°E 3 11228 110°E 30 11I°E 30 112°B !
2023 i s
ﬂ 28 0.3 'E
~17 o
26 & =
[_‘m 0.2 ,§
24 3
@ 5
y 2 | i~
-
m
0 L 1 Il Il i 20 0
06/01 07/01 08/01 06/01 07/01 08/01 06/01 07/01 08/01
FIGURE 8

Relationship between the synoptic-to-intraseasonal variations in the magnitude of tidal temperature variability at M and those in BLT and BLT
gradient in the summers of 2021-2023. (A) Spatial map of the linear correlation coefficients between the diurnal standard deviation of hourly BLT at
M and daily BLT gradient. The black curve marks region G to the east of the Leizhou Peninsula with positive correlation coefficients larger than 0.8
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green line).

E. As expected, the diurnal standard deviation of hourly BLT at M is
significantly positively correlated with the daily mean BLT gradient
averaged over Region G (correlation coefficient=0.87), which is then
significantly negatively correlated with daily mean BLT averaged
over region E (correlation coefficient=-0.90).

The above significant correlation coefficients suggest that when
region E is occupied by cold (warm) waters, the temperature
gradient in region G would be large (small), and the tidal
temperature variability at M would be strong (weak). After
carefully reviewing the difference in the offshore thermal fronts
between 16 and 25 June shown in Figures 7D-K, we speculate that
changes in the deep waters in region E are controlled by the zonal
movement of the offshore thermal front. In other words, region E
would be occupied by cold (warm) waters if the offshore thermal
front moves westward close to (eastward away from) the coastline of
the Leizhou Peninsula. To verify the above speculation, Figure 9A
shows the correlation coefficients between the diurnal standard
deviation of hourly BLT at M and daily longitude of the offshore
thermal front during the summers of 2021-2023. As expected, the
correlation coefficients are significantly negative (-0.65 to —0.6) at
latitudes from 20.6°N to 21°N and then decrease in magnitude both
northward and southward. This finding suggests that synoptic-to-
intraseasonal variations in tidal temperature variability at M should
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be related to zonal movements of the offshore thermal front within
20.6°N-21°N, which is located to the north of M.

The standard deviation of daily longitude of the offshore thermal
front is nearly zero at the east entrance of the Qiongzhou Strait and
gradually increases northward, with its maximum occurring at 21.3°
N (Figure 9A). That the zonal swing distance of the offshore thermal
front increases northward is quite possibly related to the bottom
topography (Figure 1B). At the east entrance of the Qiongzhou Strait,
the bottom topography features the East Mouth Shoal and is
extremely steep eastward to the deep SCS, which can greatly limit
the westward swinging of the offshore thermal front. To the north of
the East Mouth Shoal, however, the bottom topography shallows
slowly toward the east coast of the Leizhou Peninsula, allowing far-
westward moving of the offshore thermal front.

Figure 9B shows the diurnal standard deviation of hourly BLT
at M and the daily mean longitude of the offshore thermal front
averaged within 20.6°N-21°N to give more details of the temporal
variations. The time series of the two variables are significantly
correlated with each other with a highly negative correlation
coefficient of -0.65. As clearly seen in the figure, the daily mean
longitude of the offshore thermal front within 20.6°N-21°N displays
significant synoptic-to-intraseasonal variations. A large (small)
diurnal standard deviation of hourly BLT at M always
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(A) Meridional distributions of the linear correlation coefficients (black line) between the diurnal standard deviation of hourly BLT at M and daily
longitude of the offshore thermal front, and standard deviation (blue line) of daily longitude of the offshore thermal front during the summers of
2021-2023. (B) The diurnal standard deviation of hourly BLT at M (black line) and daily longitude of the offshore thermal front averaged within 20.6°
N-21°N during the summers of 2021-2023. The red and cyan lines denote daily frontal longitudes at 110.7°E and 111.1°E, respectively.

corresponds to a small (large) distance between the offshore thermal
front and the east coast of the Leizhou Peninsula.

After carefully inspecting Figures 7H-K again, we found that
when the offshore thermal front within 20.6°N-21°N moves close to
the east coast of the Leizhou Peninsula, the offshore thermal front
within 20.35°N-20.6°N in the south becomes more inclined along
the southeast-northwest direction and coincides with the north East
Mouth Shoal. Strong tidal currents approaching the Leizhou
Peninsula in the north and into the Qiongzhou Strait in the south
separate the offshore thermal front into two thermal fronts on the
south and north sides of the East Mouth Shoal. The thermal front
on the south side of the East Mouth Shoal forms the nearshore
thermal front and continues to move southwestward under the
forcing of tidal currents toward the Qiongzhou Strait. When tidal
currents in the Qiongzhou Strait shift eastward, they then push the
nearshore thermal front northeastward, which subsequently merges
into the offshore thermal front at the East Mouth Shoal. This
finding indicates that the formation and synoptic-to-intraseasonal
variations of the nearshore thermal front are controlled by zonal
swinging of the offshore thermal front within 20.6°N-21°N to the
east of the Leizhou Peninsula. That is, significant synoptic-to-
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intraseasonal variations in tidal temperature variability to the east
of the Leizhou Peninsula and Qiongzhou Strait are predominantly
caused by synoptic-to-intraseasonal swinging in the zonal direction
of the offshore thermal front within 20.6°N-21°N.

4.3 Synoptic-to-intraseasonal variations in
coastal upwelling

To further explore the underlying mechanisms for the synoptic-
to-intraseasonal variations in the offshore thermal front, we
calculated composite maps of sea surface winds, ocean currents,
and BLT gradients during two periods when the offshore thermal
front within 20.6°N-21°N is east of 111.1°E (Period I, Figure 9B)
and west of 110.7°E (Period II, Figure 9B), respectively, in the
summers of 2021-2023. As shown in Figure 10, the study area is
primarily forced by southerly monsoon winds in the summer.
During Period I (Figures 10A-C), southerly winds are weak, and
ocean currents in both sea surface and bottom layers are also weak.
The reduced ocean dynamics lead to the offshore thermal front
being located far away from the Leizhou Peninsula. During Period
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(A) Composite mean 10-m wind vectors (m s™) during Period | in the summers of 2021-2023. The blue star marks 20.8°N, 110.75°E. (B) Same as (A) but
for sea surface current vectors (m s™). (C) Same as (A) but for bottom current vectors (m s, arrows) and BLT gradient (°C km™, color). (D-F) Same as
(A—C) but during Period Il in the summers of 2021-2023. (G) Composite mean current vectors (m s™3) and temperature (°C) at 20.8°N to the east of the
Leizhou Peninsula during Period | in the summers of 2021-2023. The vertical current component is multiplied by 1,000 for clarity. (H) Same as (G) but
during Period II in the summers of 2021-2023. (I) Composite mean current vectors (m s™) and temperature (°C) at 20.8°N during Period Il minus

those during Period I. (J) Composite mean SST (°C) during Period | in the summers of 2021-2023 derived from MODIS observations. (K) Same as (J) but
during Period II. (L) Composite mean SST during Period Il minus that during Period | derived from MODIS observations. (M—0) Same as (J-L) but
derived from the SCHISM simulation. (P) Daily mean 10-m meridional wind (m s™), sea surface meridional current (m s™), and bottom zonal current (m
s at 20.8°N, 110.75°E (blue stars in A, D).
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I (Figures 10D-F), however, southerly winds are strong and
generate strong ocean currents in both the surface and bottom
layers. In the surface layer, ocean currents are deflected to the right
with respect to sea surface wind directions and the angles basically
increase from nearshore regions to offshore regions. This finding
indicates that sea surface currents are wind-driven Ekman currents
in nature. In the bottom layer, ocean currents basically flow
northward/northeastward in offshore deep waters but shift to be
shoreward in nearshore shallow waters. The shoreward bottom
currents then pushed the offshore thermal front moving much close
to the Leizhou Peninsula. This kind of vertical structure of ocean
currents strongly suggests the existence of significant wind-driven
coastal upwelling to the east of the Leizhou Peninsula during
Period II.

Figures 10G-I present the composite mean current vectors and
temperature at 20.8°N to the east of the Leizhou Peninsula during
the two periods to show the vertical structures of coastal ocean
currents and temperature. When southerly winds are weak (Period
I; Figure 10G), ocean currents are generally weak throughout the
water column and there is no significant coastal upwelling. When
southerly winds are strong (Period II; Figure 10H), however, ocean
currents are strong and there is significant coastal upwelling. The
enhanced coastal upwelling transports a large amount of cold water
both shoreward and upward (Figure 10I). This leads to the ocean
thermal front being stronger and located closer to the coastline of
the Leizhou Peninsula in Period II than in Period I.

To give more evidence for the coastal upwelling, we compared
the composite maps of daily SST during the two periods derived
from the MODIS observation (Figures 10J-L) and SCHISM
simulation (Figures 10M-0O). Generally, the SCHISM SST is
slightly lower than the MODIS SST during both periods.
However, they agree with each other in terms of the spatial
distributions, with a spatial correlation coefficient of 0.65 during
Period I'and 0.66 during Period II. During Period I, SST shows weak
cold patches only in small areas to the east of the Qiongzhou Strait
and to the northeast of Hainan Island under the forcing of weak
southerly winds. During Period II, however, SST exhibits stronger
cold patches in a larger area under the forcing of strong southerly
winds than during Period I. The composite mean SST difference
between Period I and Period IT was calculated to quantify the effects
of coastal upwelling on SST changes. As expected, SST becomes
much colder during Period II than during Period I in the majority of
the regions of the study area, proving dramatic SST drops are
caused by strong upwelling (Figures 10L, O). Exceptions occur in
small nearshore regions of the Leizhou Peninsula and the east
mouth of the Qiongzhou Strait, where SST is warmer during Period
IT than during Period 1. In the eastern nearshore regions of the
Leizhou Peninsula, wind-driven surface shoreward currents are
stronger and thus transport more surface warm waters to
nearshore regions, resulting in warmer SST during Period II than
during Period I (Figures 10B, E). In the east mouth of the
Qiongzhou Strait, SST decreases eastward (Figures 3, 10) in the
summer. Wind-driven surface eastward currents are stronger and
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therefore transport more surface warm waters eastward, resulting in
warmer SST during Period II than during Period I (Figures 10B, E).

Finally, Figure 10P compares the daily mean 10-m meridional
wind, sea surface meridional current, and bottom zonal current at
110.75°E, 20.8°N in the summers of 2021-2023 as an example to
provide more insight into the wind-driven coastal upwelling
dynamics east of the Leizhou Peninsula. As clearly seen in the
figure, sea surface meridional wind has a highly positive correlation
of 0.91 with sea surface meridional current and a highly negative
correlation of —0.62 with bottom zonal current. This finding further
confirms the existence of strong coastal upwelling in the study area
on days with strong winds in the summer.

Note that previous studies have documented coastal upwelling
east of the Leizhou Peninsula, attributing its formation primarily to
the combined effects of tide, topography, and sea surface winds
(Song et al., 2012; Bai et al., 2016; Li et al., 2020; Lin and Gan, 2024).
The above results in the current study further indicate that sea
surface winds predominantly control the significant synoptic-to-
intraseasonal variations in coastal upwelling, which subsequently
cause significant synoptic-to-intraseasonal variations in tidal
temperature variability to the east of the Leizhou Peninsula.

5 Summary

Tidal variability and coastal upwelling are some of the most
important processes in global shelf seas. In the current study, we
investigated the synoptic-to-intraseasonal variations in tidal
temperature variability to the east of the Leizhou Peninsula and
Qiongzhou Strait in the northern SCS and clarified the underlying
dynamics, using observations and high-resolution numerical
simulation. The results indicated that tidal temperature variability
is most significant in a narrow band extending from 110.5°E to 111°
E in the zonal direction and from 20°N to 21.2°N in the meridional
direction in shallow waters (< 40 m) in the summer when there are
strong thermal fronts located on the sea floor slope. The summer
mean diurnal standard deviation of hourly temperature can reach
up to 0.93°C. In addition, the magnitude of tidal temperature
variability exhibits strong synoptic-to-intraseasonal variations
instead of spring-neap cycles, varying significantly from 0°C to
2.36°C.

Further analyses proved that synoptic-to-intraseasonal
variations in the magnitude of tidal temperature variability are
predominantly caused by wind-driven coastal upwelling. The
underlying dynamics are summarized in Figure 11. When
southerly winds are weak (Figure 11A), coastal upwelling is also
weak and leads to the offshore thermal front being located far away
from the Leizhou Peninsula. The waters between the offshore
thermal front and the Leizhou Peninsula/Qiongzhou Strait are
mixed well and show no significant horizontal gradients. This
causes insignificant tidal temperature variability. When southerly
winds are strong (Figure 11B), coastal upwelling is also strong and
results in the offshore thermal front within 20.6°N-21°N moving
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FIGURE 11

Conceptual diagram illustrating the underlying dynamics of how wind-driven coastal upwelling causes synoptic-to-intraseasonal variations in tidal
temperature variability to the east of the Leizhou Peninsula and Qiongzhou Strait in the northern SCS in the summer. (A) Processes when southerly

winds are weak. (B) Processes when southerly winds are strong.

westward close to the Leizhou Peninsula. Subsequently, the offshore
thermal front within 20.35°N-20.6°N in the south becomes more
inclined in the southeast-northwest direction and basically
coincides with the East Mouth Shoal. Flood currents then
separate the offshore thermal front into two thermal fronts on the
south and north sides of the East Mouth Shoal and form the
nearshore thermal front. On the diurnal time scale, tidal current-
induced swinging of the nearshore thermal front then induces
significant tidal temperature variability.

Compared with previous studies (e.g., Wang et al., 2014; Hu and
Wang, 2016; Lin and Gan, 2024), the important novel results of the

Frontiers in Marine Science

current study are that wind-driven coastal upwelling can exert great
impacts on synoptic-to-intraseasonal variations in tidal temperature
variability. The current results highlight the importance of coastal
upwelling/downwelling in modulating tidal temperature variability
near ocean thermal fronts in the shelf seas. In addition, Li et al.
(2024) observed significant near-inertial oscillations generated by
wind bursting in the northern SCS, which could also potentially
affect tidal temperature variability. In the future, more observations
and high-resolution numerical simulations are still needed to
understand the multi-scale variations in the magnitude of tidal
variability in global shelf seas.
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