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Ocean fronts are widespread on the eastern China shelf, especially in winter
and early spring. Previous studies have shown that sediments on the northern
coast of the Shandong Peninsula could penetrate the coastal fronts and deposit
on the southern coast of the Liaodong Peninsula, and this cross-front transport
process is closely related to winter storms. However, the detailed mechanisms
of cross-front transport remain unclear. In this study, through realistic
numerical modeling and physical mechanism analysis, a dynamic mechanism
involving cross-front transport triggered by winter storms was proposed, and
two locations with the highest probability of frontal instability around the
Shandong Peninsula were identified. In detail, forced by winter storms, the
Lubei Coastal Current significantly intensifies first and causes frontal inertial
instability in the early stage of the winter storm, favoring cross-front exchange
between both sides of the front. Then, serving as a compensation current, the
Yellow Sea Warm Current intensifies in the late stage of the winter storm,
leading to the northward transport of the materials out of the front.
Furthermore, the intensity, distance, and path of the cross-front transport
under varying winter storms are also investigated. The winter storm, with longer
duration, greater wind speed, and westward wind direction, tends to trigger
stronger cross-front transport and longer transport distance. Transport paths
also differ under different winter storms. This study provides a theoretical
explanation for cross-front transport and analyzes the role of winter storms
in it, providing some new ideas for nearshore materials dispersal to the sea,
which is of great significance for future studies on pollutant diffusion, nutrient
distribution, and sediment transport in coastal areas.
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1. Introduction

An ocean front is a narrow zone where different water
masses meet, creating enhanced horizontal gradients of water
properties like temperature, salinity, and nutrients (Belkin,
2002). Ocean fronts are widespread and play an important
role in marine ecosystems (Olson et al, 1994; Longhurst, 2010;
Baltar et al, 2016). Most ocean fronts have the feature of surface
convergence which contributes to the high biological
productivity (Johnston et al, 2011; Omand et al, 2015; Liu
et al.,, 2018) and high concentrations of pollutants (Belkin et al.,
2009; Lohmann and Belkin, 2014). In the absence of external
forces, the front is equivalent to a barrier, limiting the exchange
of materials across the front (Danchenkov et al., 2006; Zhang
et al, 2016; Zang et al, 2017). However, a strong external
disturbance like river runoff and strong winds will arouse
frontal instabilities, resulting in water movement across the
front (Li et al.,, 2003; Castelao et al., 2008; Peterson &
Peterson, 2009; Nencioli et al., 2016). Cross-front transport
can regulate the fluxes of nutrients and sediments, as well as
the dispersion of pollutants, which strongly influences ecological
conditions and material circulations in both the coastal regions
and the open ocean. Therefore, improving our understanding of
the physical processes and mechanisms of cross-front transport
is of great significance for future studies in coastal areas.

Ocean fronts are widespread on the eastern China shelf,
especially in winter and early spring while the fronts are peaking
with features of high intensity and a stable morphology (Wang &
Liu, 2009; Liu et al., 2018). In winter, a strong and cold
northwesterly monsoon (the East Asian Winter Monsoon)
rapidly decreases the sea surface temperature and drives
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coastal water southwards to form the cold coastal currents
(Huang et al.,, 2010; Luo et al., 2017; Shi et al, 2022).
Meanwhile, the offshore currents (Taiwan Warm Current and
Yellow Sea Warm Current) move northward. The confluence of
these two totally different currents favors the ocean fronts along
Chinese coasts. These coastal fronts play a critical role in the
formation and evolution of estuary-coast-shelf sedimentary
systems (Dong et al., 2011; Liu et al,, 2018; Shi et al.,, 2019).
For the coastal mud deposits, they were established by
alongshore transport and the coastal fronts usually controlled
their extension and morphology. For the offshore mud deposits,
the process of cross-front transport of coastal sediments plays a
vital role, which is quite complex and still controversial (Yang
et al,, 2003; Li et al,, 2014; Wang et al,, 2014b). Recently, many
scientists focused on the study of cross-front transport and
found that winter storms (bursts of the East Asian Winter
Monsoon) were crucial to the transport of materials across the
frontal areas on the eastern China shelf (Liu et al., 2018).
However, there is still a lack of sufficient understanding of the
dynamic mechanisms between the winter storm and cross-
front transport.

In this study, the North Yellow Sea (NYS) was selected to
explore the mechanisms of cross-front transport, as in winter
this area is rarely affected by large rivers and the winter storm is
the most important external forcing. The NYS is the northern
part of the Yellow Sea, a shallow semi-enclosed marginal sea
bounded by the Korean Peninsula, the Shandong Peninsula, and
the Liaodong Peninsula (Figure 1A). In winter, the central area
experiences the northward Yellow Sea Warm Current (YSWC),
and the surrounding areas are encircled by southward coastal
currents like Korean Coastal Current (KCC) and Lubei Coastal
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(A) Topography of Bohai Sea, North Yellow Sea and South Yellow Sea and locations of coastal observation stations (red dots, 1-4) and mooring
stations (green stars, A, B). The grey lines indicate the isopach of mud deposits (unit: m, from Yang and Liu, 2007); (B) Cross-front sediment
transport captured by remote sensing imagery (GOCI) on February 14, 2017.
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Current (LBCC) (Figure 1A). The confluence of northward
warm subtropical water (YSWC) with southward cold coastal
water (LBCC) around the Shandong Peninsula facilitates the
generation of a remarkable curved front system, which is a
combination of a strong thermal, salinity, and shear front
(Riedlinger & Jacobs, 2000; Liu et al., 2015; Gao et al.,, 2016;
Zang et al, 2017; Shi et al, 2019), and this front is usually
regarded as a transport barrier for the propagation of coastal
water to the offshore areas. As the distal deposition of the Yellow
River materials, the formation and evolution of mud deposits
around the Shandong Peninsula have attracted broad attention
(Alexander et al., 1991; Liu et al., 2001; Liu et al., 2007; Yang and
Liu, 2007; Wu et al, 2019), and the general view is that the
barrier effect of this front system has played a very important
role in it, especially in the formation of the Omega-shaped mud
patch on the eastern coast of the Shandong Peninsula (Gao et al.,
2016; Zang et al., 2017).

However, according to some studies, this barrier is not
persistent. In the northern part of the Shandong Peninsula,
there is a mud deposit outside this front that bulge to the north,
reaching a thickness of 10 m (Yang & Liu, 2007; Figure 1A). The
geochemical analysis of sediments in this deposit shows that
sediments derived from the Yellow River could penetrate the
front (Shi et al., 2019). Cross-front transport of coastal
sediments has also been captured by remote sensing imagery
during winter storms (Shi et al., 2022; Figure 1B). These studies
all indicate the existence of the front instability and cross-front
transport. Recently Buckingham (2021) examined the effects of
curvature on the frontal instabilities, including the inertial and
symmetrical instabilities. However, the physical mechanism for
front instability and cross-front transport still remains to be
resolved. Exploring the relationship between ocean fronts and
winter storms is essential for studying material transport
patterns in coastal areas. In addition, the intensity and
frequency of winter storms are changing significantly with
global climate change, and the impact on cross-front transport
deserves much more attention.

In this paper, we investigate the northward transport of
coastal water across the frontal area during the winter storm
period and diagnose the physical dynamic mechanisms of front
instability and cross-front transport. Coastal fronts and shelf
circulation are simulated using a numerical model, validated
against in-situ observations. The study is of great significance for
future studies on pollutant diffusion, nutrient distribution, and
sediment transport in coastal areas.

2. Materials and methods
2.1 Field observations

We conducted a 2-week (December 20, 2020 to January 2,
2021) hydrographic survey in the North Yellow Sea. During the
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observation, a surveying tripod at the seabed and a shipboard
vertical profile were established simultaneously. The
measurements were successively taken out at station A (46 m;
December 20-22, 2020) and station B (24 m; December 25, 2020
to January 2, 2021) (Figure 1A). The settings of some used
instruments are shown in Supplementary Table 1.
The up-looking AD2CP (Nortek, Norway) and down-
looking ADCP (Teledyne RD, USA) were used to record
velocity profiles and the ADV (Nortek, Norway) was used to
record one-point velocity variation. We also collected four
coastal station observation data from the National Marine
Data Center of China (http://mds.nmdis.org.cn/) including
water level and sea surface temperature (SST). Locations and
data types of these stations are marked as 1, 2, 3, and 4 in
Figure 1A. All the data above were used to validate the
numerical model.

2.2 Model setup and configurations

The Regional Ocean Modeling System (ROMS) is widely
used to explore the coastal and regional ocean dynamics
(Shchepetkin & McWilliams, 2005; Wandres et al., 2017;
Wang et al., 2019; Astudillo et al., 2019; Wang et al., 2020). In
this study, ROMS was used to simulate the characteristics and
dynamics of shelf circulation in the study area. The model
domain extended to cover the Bohai Sea and the Yellow Sea
(including the North Yellow Sea and the South Yellow Sea),
meridionally from 30°N to 42°N, zonally from 117°E to 128°E
(Figure 1A). The horizontal resolution is around 3 km x 3 km
with 20 layers in the vertical dimension in the terrain-following
coordinate. The model bathymetry is interpolated from the 15
arc-second resolution topography data of the General
Bathymetric Chart of the Oceans (GEBCO, https://www.gebco.
net). The maximum depth is 138 m and the minimum depth is
set to 5 m. The atmospheric forcing data are interpolated from
the European Center for Medium-Range Weather Forecasts
(ECMWE, https://www.ecmwf.int) ERA5 data with 0.25°x0.25°
spatial resolution and 3-hr interval, including surface winds,
mean sea-level pressure, air temperature, relative humidity,
precipitation and net radiation (short wave and long wave).
The surface forcing is calculated inside ROMS using the bulk
flux formulae (Taylor and Yelland, 2001; Oost et al., 2002; Fairall
et al,, 2003). The initial conditions and two open boundary
conditions (south and east every 12 hours) are from the
HYCOM + NCODA Global 1/12° Analysis data
(GLBy0.08/expt_93.0, https://www.hycom.org), including
three-dimensional temperature, salinity, and subtidal current
fields. Eight principal tidal constituents (M2, S2, N2, K2, K1, O1,
P1, and Q1) including sea surface tidal elevation and barotropic
tidal currents derived from the TPXO9 tidal model (Egbert et al.,
1994; Egbert & Erofeeva, 2002) are used as tidal forcing along the
open boundaries. The model ran from December 2020 to
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January 2021, and the model results from December 20, 2020 to
January 13, 2021 were analyzed.

3 Results

3.1 Observation results and
model validation

To validate the model results, the hourly tidal sea level,
vertically averaged current speed, and current direction from the
model were compared with observed time-series data from
coastal stations of the Yellow Sea and Bohai Seas. Model
results were evaluated with the coefficient of determination
(R*) and the root-mean-square error (RMSE). The model-
generated time series results correspond well with observed
data, which means the model appears to be reasonably
reproducing the regional sea level and currents (Figure 2).

As for sea surface temperature (SST), we used both satellite-
derived data and observed time-series data to evaluate. The
monthly mean model-simulated SST was validated by Moderate
Resolution Imaging Spectroradiometer (MODIS) 4 km data in
December 2020 (Figure 3). The satellite SST is distributed by the
Asia-Pacific Data-Research Center of IPRC (APDRC; http://
apdrc.soest.hawaii.edu/index.php). The simulated temperature
fields generally match the observations well (Figure 3). The
pattern of high SST in the central YS and low SST near the
coastal region from the model results agree well with that of the
satellite data during the two winter months. The northwestward
intrusion of the warm tongue west of Cheju and the warm water
intrusion into the Bohai Sea in the model-simulated SST are
consistent with the satellite data. Also, the whole SST decreasing
from December 2020 to January 2021 agreed well. The model is
also compared with observations of SST in the coastal stations,
and the model-generated time series results match the observed
data well (Supplementary Figure S1).

3.2 Cross-front transport driven by the
winter storm

Figure 4 shows the mean SST and vertically averaged velocity
from December 20, 2020 to January 13, 2021, and the front
around the Shandong Peninsula is obvious. Comparing the
position of the front with the mud deposits, it is found that
there are obvious mud deposits outside the front in the north
and southeast of the Shandong Peninsula, with a thickness of 5
meters or even more than 10 meters.

3.2.1 A case study of the winter storm event
during December 2020

The winter storm event from December 28, 2020 to January
1, 2021 was selected for a case study, which was observed in
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station B (Figure 1A). During this period, there was a strong
wind and a rapid drop in temperature (Figure 5). The winter
storm lasted for around 4 days and the maximum wind speed
reached 16 m/s. According to the on-site observation, the water
level in the study area decreased by about 1 m and the current
velocity increased significantly during this period (Figure 2).
Model results are used to further reveal the effect of winter
storms on cross-front transport.

Figure 5 shows the surface wind and 2 m air temperature
from ECMWF data used in the model during this time. The 12-
hourly snapshots indicate that the storm over the Yellow Sea first
enhanced gradually and then weakened slightly. Strong winds
began in the Bohai Sea and North Yellow Sea (Figures 5A, B) and
gradually covered the South Yellow Sea (Figures 5B, C). The
wind direction gradually changed from northerly to
northwesterly (Figures 5B-F), and finally even changed to
westerly in the Bohai Sea and North Yellow Sea (Figures 5F, G).

Figure 6 shows the subtidal depth averaged currents in the
study area. At the beginning of the winter storm, the currents
were relatively weak (Figures 5A, 6A). With the northerly wind
becoming stronger from 00:00 on December 29 to 00:00 on
December 30, the currents primarily flowed southward and
eastward and the nearshore current velocity is much greater
than the offshore current velocity (Figures 5B-D, 6B-D). At
12:00 on December 30, the nearshore current still totally flowed
southward and eastward and reached its maximum, and the
offshore current began to flow northward and westward
(Figure 6E). From 12:00 on December 30, the offshore current
strengthened significantly, and the nearshore current weakened
gradually (Figures 6E-G). At the end of the storm, the currents
returned to the averaged situation (Figures 5H, 6H).

3.2.2 Cross-front transport during the
winter storm

How cross-front transport occurs during winter storms is
our concern. Lagrangian floats trajectories are often used to track
water mass movements. In order to observe the process of water
transport across the front, we released 256 Lagrangian floats at
00:00 on December 20 in the upper layer (1 m from the surface)
and the lower layer (20 m from the surface) inside the front of
the northern Shandong Peninsula (Figure 7). The floats’ motion
state was recorded until January 13, 2021. In order to track the
coastal water which was able to cross the front and move
offshore, we extracted and highlighted the trajectories of the
floats that cross the front. We plotted the motion trajectories of
all the floats (Figure 7A) and found that 61 of them (surface layer
32, middle layer 29) moved across the front (Figure 7B). The
cross-front positions are mainly located in the northeastern
Shandong Peninsula, and a few floats in the upper layer
transport across the front in the southeastern Shandong
Peninsula (Figure 7B).

In order to study the timing of cross-front, we selected two
representative floats separately in the upper and lower layer

frontiersin.org
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stations in Figure 1A. The correlation coefficients (R%) and root mean square errors (RMSE) are also shown in the Figure.

showing the cross-front transport. It can be seen from the
Figure 7 that if a float crosses the front, the movement will
show a change of longitude and latitude as: the longitude
changes from increasing to decreasing, and the latitude
changes from decreasing to increasing, that is to say, the
deflection position of the latitude and longitude is the position
that the cross-front occurs. According to this feature, we
projected the float coordinates onto the time axis, so as to
determine the time when the float crosses the front, which was
about at 0:00 on December 30, 2020 (Figure 8A). According to
the wind speed sequence diagram, we found that the float
crossed the front in the middle stage of the storm event
(Figure 8B) when the LBCC almost reached its maximum
(Figures 8C-E).
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4 Discussion

4.1 Possible mechanisms of the cross-
front transport

4.1.1 Ocean currents evolution

The front around the Shandong Peninsula is associated with
the convergence of the LBCC and YSWC. Therefore, the frontal
evolution can be affected by the strength changes of these two
currents. The LBCC is a kind of wind-driven current in the
coastal area, which is directly affected by the wind (Zheng et al.,
2021), while the YSWC is mainly determined by the interactions
between the East Asian Winter Monsoon and the Kuroshio
Current (Song et al., 2009; Xu et al., 2009). Forced by the winter
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Comparison of satellite-observed (A, B, MODIS data) and model-calculated monthly mean SST (C, D) in December 2020 and January 2021.
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monsoon, the YSWC serves as a compensation current that lasts
for several days (Teague and Jacobs, 2000).

Figures 9, 10 show the evolution of model-simulated subtidal
sea level elevation and subtidal currents at surface and 50 m
depth separately, from which we can see the relative change of
the LBCC and the YSWC. The subtidal surface current was
selected to represent the LBCC and the subtidal current at 50 m

depth was selected to represent the YSWC (Ding et al., 2018).
During the entire storm, the LBCC increased rapidly with the
increase in wind speed (Figures 9A-C), and reached its
maximum velocity in the middle stage of the winter storm
(Figure 9C), then weakened gradually (Figures 9C-G).
However, the YSWC showed a weakening trend rapidly
(Figures 10A-C), then increased significantly (Figures 10D, E),
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FIGURE 4

(A) Mean SST and (B) vertically averaged velocity (black arrows indicate northward currents and red arrows indicate southward currents). The
black lines indicate the isopach of mud deposits (unit: m, from Yang and Liu, 2007).
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FIGURE 5

Snapshots of surface wind and 2 m air temperature used in the model in the Bohai Sea and Yellow Sea at 12-hourly intervals during the winter

storm event in December 2020.

and then weakened gradually (Figures 10F-H). This change in
the YSWC has a great relationship with the wind and the sea-
level related pressure gradient. In detail, in the early stage of the
winter storm, the water was transported from the Northern
Yellow Sea to the Southern Yellow Sea driven by the
northwesterly wind, which decreased the northward YSWC
significantly (Figures 10A-C). Then the northward barotropic
pressure gradient increased with the water accumulating in the
Southern Yellow Sea, which forced the seawater to move
northward. The high sea level elevation signal propagated

northward along the Korean coast, which built up a westward
sea-level related pressure gradient and then strengthened the
YSWC due to geostrophic adjustment in the late stage of the
winter storm (Figures 10D-F, Ding et al., 2018; Wu et al., 2019).
At last, as the westward and northward barotropic pressure
gradient diminished, the YSWC tended to weaken gradually
(Figure 10G, H).

From the above analysis, we can see that it is because of the
inconsistency in the changes of the LBCC and the YCWC during
the winter storm that the front changes, and then the
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Motion trajectories of (A) all the Lagrangian floats and (B) cross-front floats from December 20, 2020 to January 13, 2021. Blue dots indicate the
initial positions of all the Lagrangian floats. Red x and green + separately indicate cross-front floats in the upper layer and lower layer.

phenomenon of cross-front transport occurs. The LBCC
strengthened first and then weakened, while the YSWC
weakened first and then strengthened. Associated with the
strengthening LBCC, the southward along-front flow becomes
stronger and transported the material inside the front

4.1.2 The front instability due to the
winter storm

Figures 7, 8 show that floats move across the front in the
middle stage of the storm event in the northeastern and
southeastern Shandong Peninsula, which means at that

downstream (southward). Then the strengthening front
becomes unstable (i.e., frontal instability), allowing cross-front
material transport to occur. As the material crosses the front, the
strengthening YSWS brought the material northward.

moment the front instability occurred. From the above
analysis, the strengthening of the LBCC is the key step of
‘cross’. Will the significantly increased LBCC result in the
front instability during the winter storm?
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FIGURE 8

Typical floats across the front in the upper and lower layer with the time and position of cross-front transport. (A) The change of longitude and
latitude of one typical float. (B) The wind vectors from December 20, 2020 to January 14, 2021 at Chengshantou Station, located at the
northeastern tip of the Shandong Peninsula. The red arrow is the deflection position of the latitude and longitude which indicates the time of
cross-front transport. (C—E) Time and position of cross-front transport. The yellow line and green line separately indicate the trajectories of the
floats in the upper layer and lower layer, and the red points indicate the position of the floats at every moment.
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Evolution of model-simulated subtidal sea level elevation and subtidal surface currents during the winter storm event in December 2020. Black
arrows indicate northward currents and red arrows indicate southward currents.

Buckingham (2021) has examined the role of curvature in stability within an inviscid front but if either of these quantities is
modifying frontal instabilities, pointed out the potentially negative, instability will result (Buckingham et al.,, 2021).
unstable regions for curved fronts in cyclogeostrophic or L,
gradient wind balance (Figure 11C), and also given a criterion P =Lq<0 M
for instability. The nondimensional form of the criterion is given
by Eq. (1). L is a non-dimensional form of absolute angular LI'=1+Cu 2)
momentum (Eq. (2)) and q/ is a nondimensional form of Ertel

PV (Eq. (3)). The product of L and q, must be positive for qd=1+Ro—(1+ Cu)Ri™* (3)
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FIGURE 10
Evolution of model-simulated subtidal sea level elevation and subtidal currents at 50 m depth during the winter storm event in December 2020.
Black arrows indicate northward currents and red ones indicate southward currents.
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FIGURE 11

(A) The position of the curved front. (B) Curvature (Red lines) along a typical front (Blue line). (C) Illustration of mean flowwand the radius of
curvature R of a meandering front in the Northern Hemisphere (f >0), as well as potentially unstable regions of this front, where x and y
correspond to along-front and cross-front displacements (Modified from Buckingham et al., 2021). (D) Illustration of mean floww, the radius of
curvature R and the potentially unstable regions with the front around the Shandong Peninsula.

Cu is defined as the curvature number which is a signed
quantity and can be described as cyclonic (Cu>0) or anticyclonic
(Cu<0) (Eq. (4)). Ris the radius and the curvature is actually 1/R,
andvis the mean along-front components of the flow. R, is the
gradient Rossby number (Eq. (5)), and Ri is the gradient
Richardson number (Eq. (6)).

Cu =2v/(fR) 4)
Ro=C/f = (fR)" 0 (RV) = 9 ¥/f + Cu/2 (5)
Ri=N*/lo. v (N* = —£52) ©)

Here we applied the above theory to examine the instability
of the curved front around the Shandong Peninsula. In this area,
LBCC is a kind of wind-driven current, restricted by the
shoreline and topography of the Shandong Peninsula. Under
the influence of the strong northerly wind, seawater accumulates
along the north coast of the Shandong Peninsula, forming a
northward barotropic pressure gradient (Zheng et al., 2021). The
LBCC flows eastwards parallel to the north coast of the
Shandong Peninsula. When it flows to the northeastern tip of
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the Shandong Peninsula, it turns to the south, and then it turns
to the southwest because of the southeastern tip of the Shandong
peninsula, which facilitates the generation of a remarkable
curved front system (Figure 11A). LBCC flows along the front
in the inner part, and we take its velocity as the mean flow v,
which is anticyclonic. According to the position of the curved
front, we extracted a typical front and calculated the curvature
along the front, from which we found the positions with the
largest curvature in the northeastern tip of the Shandong
Peninsula and a relatively large curvature in the southeastern
tip of the Shandong Peninsula (Figure 11B). Buckingham (2021)
has pointed out the potentially unstable region for curved fronts
where the curvature is large (Figure 11C), and we did a circular
fit and made a similar illustration of the potentially unstable
regions around the Shandong Peninsula (Figure 11D).

In order to verify if the front instability occurs in these
potentially unstable regions, we calculated relevant parameters
using the current velocity at 00:00 on December 30, when the
LBCC almost reached its maximum (Eq. (1-6), Figure 12). We
found that at that moment L was mostly positive except in the
northeastern Shandong Peninsula (Figure 12A) and q was always
positive (Figure 12B), which meant the inertial instability occurred
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in the northeastern Shandong Peninsula (Figure 12C). This result
was consistent with the analysis above (Figure 11D) and simulation
results (Figure 7), but there was another potentially unstable region
in the southeastern Shandong Peninsula. We calculated the critical
current velocity that caused frontal instability around the Shandong
Peninsula. In this case, for the curvature in the northeastern
Shandong Peninsula, a velocity larger than 0.91 m/s could result
in frontal inertial instability. But because of the smaller curvature
(larger radius) (Figure 11B), only a velocity larger than 2.34 m/s
could result in front instability in the southeastern Shandong
Peninsula. Since current velocity here is an important factor of
the front instability, winter storm intensity which influences the
LBCC may affect the front instability around the
Shandong Peninsula.

4.2 Influence of winter storm intensity
and direction on cross-front transport

4.2.1 Numerical experiments of winter storm
intensity and direction

There is currently no clear and uniform standard for winter
storms. In this paper, a storm event refers to the minimum wind
speed of 8 m/s for more than 80% of the duration. The
characteristics of winter storms (wind speed, duration, and
direction) from 1978 to 2022 in this area are summarized in
Supplementary Figure S2. According to statistics, during 45

TABLE 1 Experimental Settings of the winter storms.

Parameters 2 days
8 m/s Northwest (NW) EXP1
12 m/s Northwest (NW) EXP4
8 m/s North (N) EXP7
8 m/s West (W) EXP9
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years in the area, there were 1159 winter storms, and
northwesterly/northerly winds accounted for 80%. The
duration of single winter storm varied from 1 to 13 days, and
the average wind speed varied from 6 to 19 m/s (Supplementary
Figure S2A). The sum of days in which winter storms occur in
the 120-day period is about 40 days, accounting for 1/3 of the
total duration.

Based on the statistical results, we chose the typical storm
intensities (wind speed and duration) and wind directions to
conduct numerical experiments (Table 1). Through 10 sets of
experiments, the wind speed, duration, and direction of winter
storms were changed to discuss the influence of each element on
cross-front transport. In these experiments, 256 Lagrangian floats
(128 in the upper layer and 128 in the lower layer) were released at
the same time when each experimental winter storm started and
we took 10-day motion trajectories for analysis. The floats across
the front can qualitatively represent the strength of the cross-front
transport and indicate the transport distance and path.

4.2.2 The effects of winter storms on cross-
front transport

We plotted the motion trajectories of the cross-front floats
(Figures 13, 14), and the basic characteristics of cross-front
transport could be summarized as follows. Cross-front
transport occurs in both the upper and lower layers of the
water body near the front. The intensity of a winter storm has a
significant effect on the amount and distance of materials

5 days 8 days
EXP2 EXP3
EXP5 EXP6
EXP8

EXP10
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Effects of wind speed and duration on cross-front transport.
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transported across the front. The winter storm, with longer
duration (Figures 13A-C, 13D-F), greater wind speed
(Figures 13A, D, 3B, E, 13C, F), and westward wind direction
(Figures 14A-C, 14D-F), tends to trigger stronger cross-front
transport and longer transport distance. At the same time, the
intensity of the storm also affects the transport path. The cross-
front transport path influenced by a weaker winter storm with a
small winter speed and a short duration, prefers northward
along the meridional line 122.5°E (Figures 13A, B, D, 14). As the
storm intensity increases, the transport path gradually becomes
northwestward (Figures 13C, E, F). Furthermore, the cross-front
positions are mainly located in the northeastern Shandong

*1 upper layer
6 lower layer

3sseN| A L 2% B
375N

365N

Peninsula, but when the storm intensity is strong enough,
some water could move across the front in the southeastern
Shandong Peninsula in the upper layer (Figures 14E, F).

According to the change in intensity and frequency of winter
storms in the past 45 years, it can be seen that since 2010 the
intensity and frequency of winter storms have decreased
significantly (Supplementary Figure S2B). On the premise that
the basic strength of the YSWC remains unchanged, the weakening
of winter storms will inevitably lead to the weakening of cross-front
transport, which will lead to the accumulation of nutrients and
pollutants in the nearshore areas and affect material transport in the
coastal areas.
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FIGURE 14
Effects of wind direction on cross-front transport.
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5 Conclusions

The cross-front transport around the Shandong Peninsula is
triggered by winter storms. The dynamic process is divided into
two stages. (1) In the early stage of the storm, the coastal current
around the Shandong Peninsula significantly intensifies and
causes frontal inertial instability, favoring cross-front exchange
between both sides of the front. (2) In the late stage of the storm,
the Yellow Sea Warm Current flows northward as a
compensation current, leading to the northward transport of
the materials out of the front. Two locations in the northeastern
tip and southeastern tip of the Shandong Peninsula with the
highest probability of frontal instability have been identified,
where the curvature of the front is larger than others. In
addition, both storm intensity (wind speed and duration) and
wind direction have an impact on cross-front transport. The
winter storm, with longer duration, greater wind speed, and
westward wind direction, tends to trigger stronger cross-front
transport and longer transport distance, and transport paths also
differ under different winter storms.

Winter storms occupy about 1/3 of the entire wintertime in
this area. The instrumental data reveal that the intensity and
frequency of winter storms have been weakening in the past 10
years, which will have an impact on the cross-front material
transport and the coastal ecological environment.
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