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Abstract

The impact of high-frequency atmospheric forcing on the Yellow Sea (YS) circulation with emphasis on the Yellow Sea Warm
Current (YSWC) was investigated by comparing model simulations with and without high-frequency atmospheric processes.
By including the high-frequency atmospheric forcing at the synoptic scale in an atmosphere reanalysis used to force the ocean
model, the simulated intensity of the mean YSWC is increased by 40-100%. The mean temperature is decreased by up to 1°C,
and the mean salinity along the YSWC pathway is increased by up to 0.2-0.5 psu. Additional simulations in which either the
wind or other atmospheric fields were filtered revealed that the high-frequency wind forcing is more important in the YSWC and
relates mean temperature with the other atmospheric variables that play relatively minor roles. In winter, the high-frequency
wind forcing associated with frequent winter storm bursts and relaxation is able to excite coastal trapped waves propagating
cyclonically around the Bohai Sea and Yellow Sea coast; this forcing is a very important factor influencing the synoptic variability
in the YSWC and drives intermittent warm and salty water intrusion into the southern YS. The results from this study provide
a basis for a new understanding of how transient atmospheric phenomena, such as winter storms, impact regional circulation

and water transport in the YS.
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Abstract
The impact of high-frequency atmospheric forcing on the Yellow Sea (YS) circulation
with emphasis on the Yellow Sea Warm Current (YSWC) was investigated by
comparing model simulations with and without high-frequency atmospheric processes.
By including the high-frequency atmospheric forcing at the synoptic scale in an
atmosphere reanalysis used to force the ocean model, the simulated intensity of the
mean YSWC is increased by 40-100%. The mean temperature is decreased by up to
1°C, and the mean salinity along the YSWC pathway is increased by up to 0.2-0.5 psu.
Additional simulations in which either the wind or other atmospheric fields were
filtered revealed that the high-frequency wind forcing is more important in the YSWC
and relates mean temperature with the other atmospheric variables that play relatively
minor roles. In winter, the high-frequency wind forcing associated with frequent
winter storm bursts and relaxation is able to excite coastal trapped waves propagating
cyclonically around the Bohai Sea and Yellow Sea coast; this forcing is a very
important factor influencing the synoptic variability in the YSWC and drives
intermittent warm and salty water intrusion into the southern YS. The results from this
study provide a basis for a new understanding of how transient atmospheric
phenomena, such as winter storms, impact regional circulation and water transport in

the YS.

Plain language Summary

The Yellow Sea Warm Current (YSWC) is one of the most important phenomena in
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the Yellow Sea. It is the only open ocean water from Kuroshio origin flowing into the
Yellow Sea interior under prevailing northwesterly monsoon during winter season.
Since the YSWC transports water with obvious high temperature and salinity, the
intensity and variations of the YSWC have a crucial effect on the regional circulation
and biogeochemistry in Yellow Sea and also effects the sea ice coverage in the Bohai
Sea. Direct observations reveal that the high-frequency variations of the atmospheric
forcing associated with frequently occurred winter storm bursts affect the YSWC
significantly. Using a numerical ocean model, we evaluate the effect of the
high-frequency atmospheric forcing on the YSWC. We show that including high
frequency atmospheric forcing at synoptic scale is able to increase the simulated
intensity of the mean YSWC by up to 40-100%. This study provides a base for new
understanding of how the transient atmospheric phenomena such as winter storms

impact the reginal circulation in shelf seas.

1. Introduction

The surface wind forcing is strongly dependent on day-to-day weather
phenomena (Duteil, 2019). Neglecting high-frequency winds can induce large errors
in estimating surface wind stress (Esbensen and Reynolds, 1981; Gulev, 1994).
According to Zhai (2013), including high-frequency wind fluctuations in the stress
calculation significantly modified the mean wind stress estimates. The power input to
the ocean general circulation increases by more than 70% if synoptic winds are

considered in the stress calculation, especially in regions of mid and high latitudes
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where synoptic wind activity is prominent (Zhai et al., 2012).

In recent studies, high-frequency atmospheric forcing on the synoptic time scale
has been recognized as very important in regulating ocean circulation, heat transport
and oxygen levels (Zhai, 2012; Wu et al., 2016; Munday and Zhai, 2017; Duteil,
2019). In the Southern Ocean, strongly varying atmospheric wind is considered to
strengthen the near-surface viscous and diffusive mixing, which leads to a thicker
mixed layer and higher sensitivity of the residual circulation (Munday and Zhai,
2017). By comparing simulations of a global model forced with and without synoptic
atmospheric phenomena, Wu et al. (2016) showed that the wind-driven subtropical
gyre circulations were strengthened by approximately 10%-15% and the maximum
global northward heat transport increased by nearly 50% if synoptic atmospheric
forcing was included in the model. Similarly, the intensity of the Atlantic meridional
overturning circulation and subpolar gyres tended to decrease by 25% if
high-frequency atmospheric forcing was excluded in a coupled ocean-ice model
(Holdsworth and Myers, 2015). Chen et al. (1999) evaluated the effects of wind
forcing temporal smoothing in a model simulation and found that the mean sea
surface temperature (SST) increased by 0.5°C to 1°C over most of the tropical Pacific
when the daily wind forcing was replaced by monthly mean data. Using a
one-dimensional mixed-layer model for the central Arabian Sea, Zhou et al. (2018)
found that the daily mean SST was lowered by 0.8°C on average when including
high-frequency signals in the meteorological variables. Based on a global ocean

model, Duteil (2019) removed the higher frequency variability of wind (2 days to 1
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month) used to force the ocean model and revealed that the wind stress was decreased
by 20% in the tropics and 50% in the midlatitudes. Consequently, the wind-driven
circulation was weakened by up to 20%. Correspondingly, the oxygen levels
decreased by up to 10 mmol/m® in the tropical oceans and 30 mmol/m® in the
subtropical gyres, which was mainly caused by modification of advective processes
related to the change in wind forcing. Furthermore, the high-frequency information of
the wind forcing is very important for river plume simulations in coastal oceans, and
the simulation error is regarded to be closely related to the subsampling of
high-frequency wind (Qu and Hetland, 2019). Therefore, high-frequency atmospheric
forcing plays a crucial role in ocean circulation at multiple scales from the estuary to
the global ocean.

The Yellow Sea (YS) and Bohai Sea (BS) are shallow semienclosed shelf seas
(Fig. 1). In the BS and YS (Fig. 1), synoptic weather systems with frequencies
ranging from 2 to 10 days are very prominent, especially during winter. The main
source of synoptic variability in winter is northerly storm wind bursts, often
displaying high wind speeds exceeding 20 m/s. During winter, strong atmospheric
frontal systems associated with winter storms usually strike the BS and Y'S from north
to south (Hsueh and Romea, 1983; Hsueh, 1988; Yin et al.,, 2014). These
high-frequency weather systems cause the wind speed to fluctuate significantly at
synoptic time scales of 2-7 days.

The regional circulation in the YS during winter is mostly driven by wind. A

northward current flowing against the winter wind is known as the Yellow Sea Warm
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Current (YSWC). The YSWC is the most important phenomenon in the YS during
winter. The YSWC is considered to have a crucial effect on the circulation and
biochemistry in the YS and BS (Lie et al., 2009; Su et al., 2005; Liu et al., 2015), as it
is the only current that transports warm saline water into the YS from the Kuroshio
origin (Lie et al., 2009; Lin et al., 2011; Lie and Cho, 2016). Previous observations in
the YS indicate that high-frequency atmospheric forcing, such as winter storms, has
the potential to induce a quick oscillation of the YSWC on the synoptic scale (Ding et
al., 2018), which is effective for cross-front sediment transport in the northern YS
(Shi et al., 2019) and warm saline water transport in the southern YS (Lie et al., 2013;
Lie et al., 2015; Pang et al., 2016; Ding et al., 2018). Direct current observations in
both the northern and southern YS during the winter of 2007 show significant
synoptic fluctuations in the YSWC (Yu et al., 2010; Ding et al., 2018), which were
considered to be related to synoptic wind forcing. However, how these synoptic
atmospheric systems associated with frequent winter storms affect the YSWC and the
related warm salty water transport remains unclear.

To the best of our knowledge, very few studies have investigated the effect of
these high-frequency weather systems on YS circulation, especially on the YSWC.
Therefore, in this study, we are investigating how the high-frequency atmospheric
forcing, or in other words, the integrated impact of day-to-day weather systems,
affects the regional circulation in the YS with a particular focus on the YSWC during
winter. Numerical ocean models provide us with a useful tool to increase our ability to

explore the role of high-frequency atmospheric processes in regional ocean processes.
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Thus, we attempt to evaluate the important effect of high-frequency synoptic weather
systems on the YSWC by comparing model simulations with and without
high-frequency atmospheric processes.

This paper is organized as follows. We begin in section 2 with a description of the
observations and model experiments. The impact of synoptic atmospheric forcing on
the time-averaged quantities of the YSWC is described and discussed in section 3. We
discuss the relative roles of high-frequency wind and other atmospheric fields in
modeling the temperature of the YSWC and examine the effect of high-frequency
variations in wind on the warm saltwater intrusion into the southern YS in section 4.
We conclude with a summary of our results in section 5.

2. Data and model experiments
2.1 Observational data

To observe the YSWC, two current moorings with bottom mounted ADCP were
deployed in the southern YS along the 70 m depth contour from January to March
2017 (blue triangular in Fig. 1). Since the synoptic variability in the YSWC is closely
correlated with the subtidal sea level fluctuations, we also collected sea level
observations from 16 coastal tide gauge stations along the BS and Y'S coasts (red dots
in Fig. 1) during winter and spring 2017. The time series of sea level anomalies were
lowpass filtered to remove tidal signals. Fig. 2 (a) shows the observed lowpass filtered
sea level fluctuations at the 16 coastal tide stations. Significant sea level fluctuations
at synoptic time scales ranging from 2-5 days can be noted at all tide gauge stations,

especially during January and February. Very sharp sea level decreases associated
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with winter storms occasionally occurred. The maximum sea level decrease exceeded
1 m. After February, severe weather events became rare, and the wind tended to
become weak. Correspondingly, the sea level fluctuations became weak, and no
significant sea level decrease was observed.

The time-distance contour of the sea level anomaly at the coastal tide stations
along the YS and BS coast is presented in Fig. 2(b). It is clear that prominent negative
sea level anomalies mainly occurred in the winter months of January and February.
Negative sea level anomalies are often followed by positive sea level anomalies
throughout the winter season. The tilt of contours of the positive and negative sea
level anomalies suggests cyclonic propagation of sea level signals around the BS and
YS coast with a period of 2-5 days, which can be more clearly seen in the enlarged
view shown in Fig. 2(c), which focuses on the time during February. Lag correlations
were applied to the selected station pairs along the BS and YS coasts. We avoid
choosing stations that are too close to each other because these stations may reach the
maximum or minimum sea level simultaneously. Table 2 lists the correlation
coefficients and lag times between the selected stations and MokPo station. The
correlation coefficients are all greater than 0.7 above the 95% confidence level. The
lag time gradually increases from 1 hour to 23 hours. The lag correlation of subtidal
sea level anomalies indicates that a phase propagation exists along the coast. Analysis
of the sea level anomaly in Ding et al. (2019) has also revealed that the propagation of
sea level signals is from trapped coastal waves induced by periodic winter storm

bursts.
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Fig. 3 shows the observed subtidal current at mooring locations M1 and M2
during the 2017 winter cruise. The significant synoptic variability in the subtidal
current can be noted at both M1 and M2. A strong northward current with a maximum
magnitude exceeding 15 cm/s occurred intermittently during the observational period,
which indicates that the prominent YSWC was also captured by the two moorings.
The northward YSWC was often interrupted by storm-induced southward currents,
especially during the winter months of January and February. A strong northward
YSWC burst usually occurred after the southward current. Comparing the observed
subtidal current in Fig. 3 and sea level fluctuations shown in Fig. 2, we can see that a
prominent northward YSWC burst tended to appear during January and February
when a sharp sea level decrease frequently occurred. The observed significant
oscillations in sea level and subtidal current suggest that the BS and YS were under
frequent influence of synoptic weather events during winter and early spring 2017.
The high-frequency atmospheric forcing associated with frequent storms is also able
to excite episodic spikes in the YSWC.

2.2 Reanalysis atmospheric data

The atmospheric data were obtained from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System Version 2 (CFSv2). The
surface atmospheric data at one-hourly intervals, including surface wind, longwave
and shortwave radiation, air temperature, sea level pressure, precipitation and
evaporation, and relative humidity, were used to force the ocean model. The hourly

atmospheric forcing data used here can better resolve a wide range of weather
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phenomena.

Fig. S1 shows the time series of surface wind, air temperature and sea level
pressure averaged in the 121-126°E and 31-36.5°N region covering the southern YS
from January to April. Clearly, the synoptic fluctuations in the atmospheric variables
are very prominent during January and February. The northerly storm burst with a
maximum wind speed exceeding 15 m/s occasionally occurred (Fig. S1a). The strong
northerly wind usually lasted for 2-3 days and then relaxed and sometimes even
reversed to a strong southerly or southwesterly wind. Simultaneously, the air
temperature and air pressure featured sharp increases and decreases, which is also
related to multiple storms during winter 2017.

2.3 Numerical model and experimental design

Both the observed sea level fluctuations at tide stations along the coast and
subtidal currents at two moorings west of the YS trough show significant synoptic
fluctuations during the 2-3 day period in winter and early spring. The synoptic
fluctuations are mainly related to the high-frequency wind forcing. To evaluate the
effect of high-frequency atmospheric forcing on the YSWC, numerical ocean
modeling was conducted. The numerical ocean circulation model used here is based
on the Finite Volume Community Ocean Model (FVCOM, Chen et al. 2003, 2007).
The configuration encompasses the region of 21°-41°N, 117°-138°E, which covers
the whole BS, YS, and East China Sea (ECS) with three open boundaries: one
boundary crossing Taiwan Street, one in the northwest Pacific Ocean and another

boundary crossing the Japan Sea (blue dashed line in Fig. 1). This model has been
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used to investigate the synoptic variation in the YSWC during winter 2007 (Ding et
al., 2018) and synoptic current fluctuations in the Bohai Strait during winter 2017
(Ding et al., 2019).

The model’s highest horizontal resolution was approximately 1-2 km around
the coastal region in the BS and YS. The lowest resolution is approximately 20 km
near the open boundaries. The configuration has 30 vertical levels with uniform sigma
layers. The atmospheric forcing data in the model were taken from one-hourly data of
NCEP/CFSv2 (https://rda.ucar.edu/datasets/ds094.1/), which includes one-hourly
10-m wind velocity, air pressure reduction to mean sea level, 2-m air temperature,
relative humidity, precipitation and evaporation, downward longwave radiation, and
net shortwave radiation. The surface latent and sensible heat fluxes are calculated
based on bulk formulation (Fairall et al., 1996). For the lateral open boundary
conditions, the sea surface height (SSH), velocity, temperature and salinity obtained
from the global model of Estimating the Circulation and Climate of the Ocean Phase
Il (ECCO2, Menemenlis et al., 2008, http://apdrc.soest.hawaii.edu/data/data.php) at a
0.25°x0.25° resolution were applied along the open boundaries. In addition, the tidal
forcing based on nine tidal constituents (M2, S;, Nj, K1, O1, Q1, My, MS; and MN,)
derived from TPXO 7.2 (Egbert and Erofeeva, 2002,
http://volkov.oce.orst.edu/tides/otis.html) was also used to drive the model. No
temperature or salinity restoration is applied in the model configuration. The model
bathymetry was interpolated from a combination of DBDB5 (US Naval

Oceanographic Office, 1983) and depth data from China’s coastal sea chart database.
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Three main rivers, including the Changjiang River, Huanghe River and Liao River,
were also included in the model to provide monthly mean freshwater discharge, which
was obtained from the Information Center of Water Resources (Bureau of Hydrology,
Ministry of Water Resources of P. R. China,
http://www.mwr.gov.cn/sj/tjgb/zghlnsgb/).

The initial conditions for temperature and salinity are taken from ECCO2 on
January 1, 2014. The initial velocity field and SSH are set to zero. The model was run
as a spin-up simulation from 2014 to 2016 and continued to run from January to
March 2017. The model results were compared with the observations to evaluate the
model’s performance. The model validation of sea level fluctuations, subtidal currents,
temperature and salinity are shown in the appendix.

To explore the impact of the high-frequency atmospheric forcing on the
YSWC, a control simulation and two sensitivity model experiments are conducted
(Table 1). The control experiment (Exp-1HR) is forced by one-hour atmospheric data
taken from NCEP/CFSv2. To isolate the impact of the synoptic atmospheric forcing
on the YSWC, we conducted two perturbation experiments (Exp-7DAY and
Exp-MON). The original NCEP/CFSv2 dataset used in the control run is
characterized by a 1-hour time resolution. In the two experiments, we excluded
synoptic atmospheric phenomena by performing a 7-day running mean (Exp-7DAY)
and monthly averaging (Exp-MON) on the atmospheric variables (e.g., air
temperature, sea level pressure, surface winds, relative humidity, longwave and

shortwave radiation) prior to calculating the surface wind stress and heat flux. The
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differences between the control run (EXP-1HR) and two sensitivity experiments
(Exp-7DAY and Exp-MON) could highlight the impact of the high-frequency
atmospheric forcing on the YSWC.

Three additional experiments were designed to separate the contributions of
winds from the other atmospheric factors. In experiment Exp-WIND-MON,
high-frequency signals are removed from wind by monthly average with the other
atmospheric factors left intact for Exp-1HR, and vice versa for experiment
Exp-HEAT-MON, i.e., high-frequency signals are removed for all atmospheric factors
except for surface winds. The net heat flux into the ocean surface is determined by the
bulk formulas in Exp-WIND_MON and Exp-HEAT-MON, meaning that the heat flux
could be affected by any changes in either winds or other atmospheric factors. To
isolate only the momentum aspect, an additional experiment of
Exp-WIND-MON-HEAT-SET is considered, where the heat flux is prescribed at
hourly intervals from the bulk formula calculation of the control run when momentum
flux is determined from the monthly wind components. The difference between
Exp-WIND-MON-HEAT-SET and Exp-1HR could highlight the role of momentum
flux in the band of only high frequency.

Details of the sensitivity experiment settings are given in Table 1. All
experiments, including the control run, were spun up for three years before validation
and analysis for our observational period from January to March 2017. Hourly model
output is saved for the following analysis.

3. Results
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3.1 Air-sea fluxes
3.1.1 Momentum flux
The wind stress in the FVCOM is calculated following Large and Pond
(1981):
Ts = CapalV |V (3.1)
where 7 is the surface wind stress vector, p; is the air density, V,, is the surface wind

speed, and Cy is the drag coefficient, which is defined as follows:

1.2 [Vi,| < 11.0m/s
Cq x 103 =1 049 + 0.065|F,| 11.0m/s <|V,|<250m/s (3.2)
0.49 + 0.065 x 25 [V,| = 25.0 m/s

The wind stress depends quadratically on the wind speed, as denoted by the above
equation, and therefore, the nonlinearities have a great effect on the wind stress
calculation. Moreover, the drag coefficient for the wind stress calculation depends on
the magnitude of wind speed. As a result, high-frequency wind speeds, such as
synoptic weather systems, contribute significantly to the time-mean wind stress. In
Exp-7DAY and Exp-MON, the higher frequencies of the zonal and meridional wind
velocities have been removed. Removing the high frequencies of zonal and
meridional wind velocity affects the wind speed and then impacts the wind stress,
which ultimately dominates the intensity of ocean circulation.

The mean surface wind stress over the period from January to March from the
control run (Exp-1HR) is shown in Fig. 4a; the model differences between Exp-7DAY
(Exp-1HR minus Exp-7DAY) and Exp-MON (Exp-1HR minus Exp-MON) are shown

in Fig. 4b and c, respectively. The northerly and northwesterly winds prevail in the
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entire BS and YS. The wind is relatively stronger in the eastern YS, while the BS and
western YS are mainly driven by weaker northerly winds. The magnitude of wind
stress reaches 0.1 pa in the eastern YS and decreases to 0.02-0.06 pa in the western
YS. Although the spatial patterns of the time-mean wind stresses are similar among
the three experiments (not shown), the magnitudes are greatly reduced in Exp-7DAY
and Exp-MON, particularly in the eastern YS. In the coastal region of the western YS,
where the magnitude of wind stress is lower, the differences among the wind stresses
in the three experiments are generally small. The intensity of wind stress over the
southern YS region (121°-126°E, 31°-37°N) is dramatically reduced by a fraction of
50% for Exp-7DAY, from 0.046 to 0.023 N m, and by more than 60% for Exp-MON,
from 0.046 to 0.017 N m™.

Fig. 4 d and e show the time series of domain-averaged wind stress for the
three experiments from January to March 2017. Despite the fact that the mean spatial
pattern was very similar for both the filtered and unfiltered surface wind forcing, there
are significant differences between the time series with and without synoptic
fluctuations. In particular, the extrema of wind stress have been filtered when the
synoptic wind variability is removed. A comparison of the time series between the
filtered and unfiltered wind stresses also confirms that Exp-1HR has many more days
with extreme weather systems than Exp-7DAY. The figure clearly shows that the
strongest wind stresses often occur over a very short time scale, and the
high-frequency wind stress perturbations have been removed in Exp-7DAY and

Exp-MON. The extrema of wind stress have also been filtered when synoptic wind
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variability is removed. The wind stress reaches 0.42 pa in Exp-1HR. However, in the
filtered time series, the maximum wind stress only reaches 0.1 pa in Exp-7DAY, as
demonstrated by the black and red lines in Fig. 4d-e.
3.1.2 Surface heat flux

The time-mean net surface heat flux in Exp-1HR is shown in Fig. 5a, and the
differences (Exp-1HR minus Exp-7DAY and Exp-1HR minus Exp-MON) are shown
in Fig. 5b-d. Removing the high frequencies of atmospheric variables modulates the
latent and sensible flux and therefore impacts the surface net heat flux. Notably, the
magnitude of net surface heat flux was reduced after removing the high-frequency
phenomena from the atmospheric variables. The intensity of heat loss was decreased
in Exp-7DAY and Exp-MON. After averaging over the southern YS, exclusion of the
synoptic atmospheric forcing decreased the surface heat loss from ~68 W m™ in
Exp-1HR to ~44 W m in Exp-7DAY and to ~37 W m in Exp-MON. The unfiltered
and filtered time series for the net surface heat flux are shown in Fig. 5f. Similar to
the comparison of wind stress, high-frequency atmospheric variables contribute
significantly to the net surface heat flux. The time series of heat flux is smoothed, and
the extrema are filtered out when ignoring the synoptic fluctuations of the
atmospheric variables. Notably, the surface heat flux in the three model runs depends
on the model-simulated SST, and changes in the regional circulation may also
influence these differences in the net surface heat flux.
3.2 Time-averaged quantities of the YSWC

The control run and sensitivity experiments show the important role of
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high-frequency atmospheric forcing in modulating the YS circulation. The model-data
comparison shown in the appendix also suggested that the model results agree well
with the observations when driven by the high-frequency atmospheric forcing. In this
section, we first examine the time-mean characteristics of the model simulations. The
comparison of the simulated time-mean current between Exp-1HR and Exp-MON is
shown in Fig. 6. The differences in the mean velocity (Exp-1HR minus Exp-MON)
also overlap in the figure. The comparison of the simulated time-mean current
between Exp-1HR and Exp-7DAY is shown in Fig. S2. The overall patterns of the
time-mean circulation in Exp-1HR, Exp-7DAY and Exp-MON are very similar. All
simulations reproduced the mean pattern of the winter circulation in the YS. The
time-mean currents in the three model experiments all show southward currents in the
eastern YS from the surface to the bottom and northward currents in the western YS
mainly in the subsurface and bottom layers. The northward current with a magnitude
ranging from 5~10 cm s in the lower layers is mainly located between the 50 and 70
m isobaths, which is the YSWC (Fig. 6 d-i). An anticyclonic gyre dominates the YS
basin in the subsurface and bottom layers, with a stronger northward YSWC along the
western trough of the YS and weaker southward current along the eastern shelf of the
YS. The simulated anticyclonic circulation pattern is similar to that shown in previous
studies (Takahashi et al., 1995; Moon et al. 2009; Lie and Cho, 2016). A branch of the
YSWC extending northwestward to the Shandong Peninsula at 34N° which was
proposed in previous studies (Ma et al., 2006; Wang et al., 2012), can also be noted.

A comparison of the time-mean current shows that including the
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high-frequency variations in the atmospheric variables does not change the pattern of
the mean current. However, the simulated horizontal circulation in the YS increases in
strength. For example, the magnitude of the southward Korean coastal current in the
surface layer and northward YSWC in the lower layers are greatly enhanced after
including the high-frequency atmospheric forcing (Fig. 6b, d, f). The anticyclonic
circulation in the central BS is also strengthened by a similar amount (Fig. 6a, b). The
difference in the mean current in the lower layers (30 m and 50 m) between Exp-1HR
and Exp-7DAY and Exp-MON is mainly limited along the YSWC pathway. In the
lower layers (30 m and 50 m), the YSWC increases much more in strength than the
southward Korean coastal current and the northwestward branch of the YSWC. The
mean strength of the current along the YSWC pathway is increased by 40~100%
when the high-frequency atmospheric forcing was considered in Exp-1HR compared
with Exp-7DAY and Exp-MON. The strengthened surface wind stress owing to
contributions from the high-frequency wind speed (Fig. 4) leads to a stronger current
in the eastern YS in the surface layer (Fig. 6b). Thus, the northward YSWC is
strengthened in the lower layers due to the effect of compensation (Fig. 6d, f), which
agrees with the well-accepted mechanism raised in previous studies (Hsueh, 1988; Lie,
1999; Lin et al., 2011). These differences in the mean current are mainly attributable
to the much stronger wind stress in Exp-1HR than in Exp-7DAY or Exp-MON.

The differences in model-simulated mean temperatures between the control run
(Exp-1HR) and experiments (Exp-MON and EXP-7DAY) are shown in Fig. 7 and Fig.

S3, respectively. The model captures the temperature structure in the YS well. The
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warm tongue extending northward mainly along the YSWC pathway is well resolved
(Fig. 7a, d, g). The temperature patterns for the two experiments are very similar to
those from the control run, but the simulated mean temperature from the surface to the
bottom layers is decreased when including the high-frequency atmospheric forcing
(Fig. 7, c, f, i). We should note that the decrease in the mean temperature along the
YSWC pathway is relatively smaller than that in other regions, such as coastal areas.
For example, the temperature decrement is approximately 1°C in the central YS and
exceeds 3°C around the coastal regions of both the western and eastern YS. Based on
the temperature equation (Ma et al., 2006), the local temperature change can be

estimated as follows:

aT ( 6T+V6T>+F N Q
at ox  dy) T pCyh

where Fris the horizontal turbulence diffusivity, Q is the surface net heat flux and h is
the water depth. It can be noted from the temperature equation that the temperature
change is smaller in the middle Y'S due to greater water depth. On the other hand, the
stronger YSWC in Exp-1HR tends to bring warmer water northward due to the
enhanced advection process in association with the high-frequency wind forcing.
There are also some differences between the mean salinity in the three
experiments (Fig. 8 and Fig. S4). It is clear that the mean salinity is increased by
0.2-0.5 psu in Exp-1HR compared with the two experiments that smooth the
high-frequency atmospheric forcing. The significant differences mainly occur in the
southern Y'S northwest of Cheju Island and along the YSWC pathway, which suggests

that including the high-frequency atmospheric forcing can intensify the saltwater
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intrusion into the southern YS. It should also be noted that stronger mean northerly
wind stress in Exp-1HR tends to drive fresher water southward from the northern YS,
which causes the salinity to be slightly lower in the northern path of the YSWC
compared to the two experiments.

A transect along 35°N was chosen to examine the change in vertical structure
for the YSWC and related temperature and salinity after including the high-frequency
atmospheric forcing (Fig. 9). Notably, the YSWC located between the 50-70 m
isobaths is intensified from the upper to lower layers by 1-3 cm/s in EXP-1HR
compared to that in EXP-MON. Excluding the high-frequency atmospheric forcing
tends to shift the high-temperature core westward toward the Chinese coast (Fig. 9d,
e). The stronger southward Korea Coastal Current (Fig. 9a) transports fresher water
southward, and the stronger YSWC advects more saline water northward, which
causes the salinity to be lower along the Korean coast and high along the YSWC path
(Fig. 9i).

Momentum equation terms in the zonal and meridional equation outputs from
the model results are also verified along the transect (Fig. 10 and Fig. 11). In the zonal
direction in EXP-1HR (Fig. 10), the dominant terms are the barotropic pressure
gradient and Coriolis force. However, the horizontal advection, baroclinic pressure
gradient, acceleration, and vertical diffusion terms are also important and cannot be
ignored. When the high-frequency atmospheric forcing is excluded in EXP-MON, the
Coriolis force is reduced, mainly due to the weakened YSWC velocity. Notably, the

barotropic pressure gradient around the YSWC pathway is significantly decreased.
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The vertical diffusion term is also reduced, which is mainly caused by the weakened
surface wind stress. In the meridional direction, all terms except the vertical advection
and horizontal diffusion contribute to the momentum balance. The difference in
momentum terms between Exp-1HR and Exp-MON is relatively smaller than that in
the zonal direction.
4. Discussion
4.1 Relative contributions of high-frequency wind and other atmospheric fields
Both the wind and other atmospheric variables (air temperature, relative
humidity, sea level pressure, longwave and shortwave radiation) influence the
sensible and latent heat fluxes, thus affecting the temperature calculation. However,
the wind also affects the temperature distribution through current advection.
Nonetheless, there is still some question regarding the high-frequency wind and other
atmospheric variable relative contributions to the YSWC-related temperature
distribution.  Therefore, three additional simulations (Exp-WIND-MON,
Exp-HEAT-MON, and Exp-WIND-MON-HEAT-SET) were run. The descriptions of
the three experiments were shown previously in section 2.3 and Table 1.

Fig. 12 shows the differences in the simulated time-mean temperature between
Exp-1HR and the designed experiments (a-c: Exp-1HR minus Exp-MON; d-f:
Exp-1HR minus Exp-WIND-MON; g-i: Exp-1HR minus Exp-HEAT-MON; and j-I:
Exp-1HR minus Exp-WIND-MON-HEAT-SET). The simulated time-mean
temperature is higher in both experiments, excluding the high-frequency variations in

all atmospheric variables (Exp-MON, Fig. 12a-c), and only the wind anomalies were
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filtered in the experiment (Exp-WIND-MON, Fig. 12 d-f). The simulated mean
temperature is increased by up to 1°C along the YSWC pathway and 2°C near the
coastal region. There is very little difference in the simulation results between
Exp-MON and Exp-WIND-MON, except that the magnitude of the temperature
increment is slightly smaller for Exp-WIND-MON. If we exclude the high-frequency
variations in atmospheric variables but the high-frequency wind anomalies remain
(Exp-HEAT-MON, Fig. 12g-i), the simulated mean temperature resembles that of the
control run (Exp-1HR) and only increases very slightly (the difference was smaller
than 0.5°C in most areas of the YS). Hence, high-frequency perturbations in the wind
field have a greater influence on the mean temperature than other atmospheric
variables in the YS during winter, since the wind not only drives the ocean current
directly but also affects the heat fluxes through the bulk formula.

To isolate the direct effect of high-frequency wind forcing on the temperature
simulation, we used the monthly average wind forcing and heat flux (including net
surface heat flux and shortwave radiation) provided by the control run (Exp-1HR) to
drive the model. Therefore, the heat flux in this experiment is the same as that in the
control run. The only difference in the model setup is the monthly wind forcing used
in this experiment. The difference in the mean temperature (Exp-1HR minus
Exp-WIND-MON-HEAT-SET) is shown in Fig. 12j-I. The mean temperature along
the YSWC pathway is increased by 0.5-2°C when the high-frequency wind speed is
included. It is suggested that stronger wind stress when considering the

high-frequency wind speed tends to drive more cold coastal water southward along
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the eastern YS. As a result, the simulated YSWC is intensified and brings more warm
water northward along the western trough of the YS.
4.2 Role of frequent storm bursts on warm and salty water intrusion

Previous studies have revealed that the warm water advected by the Cheju
Warm Current (CWC) intrudes intermittently northwestward into the southern YS
(Lie et al., 2009, 2013, 2015) during frequent winter storms. A strong winter storm
burst forces cold water southward along the coastal region of the YS, and warm water
is driven northward by the CWC and YSWC when the storm lessens. Reanalysis
atmospheric data from NCEP/CFSv2 show that multiple strong storms occurred in the
winter of 2017 (Fig. S1). Although our model experiments shown in section 3 have
confirmed that the high-frequency wind forcing tends to enhance the warm and salty
water intrusion into the southern YS (Fig. 6-8), we are still unsure how these storms
affect the warm salty water transport into the southern YS entrance.

Observations of sea level anomalies and subtidal currents presented in section
2 suggest that the subtidal sea level fluctuations at coastal stations and subtidal
currents are highly correlated under multiple winter storms, especially at mooring
station M2, which is located near the southern YS entrance. To reveal the relations
between the multiple storm-induced intermittent northward burst of the YSWC and
the warm salty water intrusion at the southern YS entrance, we more closely
examined the observed current at M2 and sea level fluctuations at both the west and
east coasts of the YS. Fig. 13 shows the time series of observed subtidal sea level

fluctuations at stations Lvsi and MokPo and the subtidal meridional current
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component at station M2. The intermittent northwestward intrusion of CWC into the
southern Y'S can also be noted from the observations near the southern YS entrance.
The observed subtidal current was not always northward but featured significant
synoptic fluctuations, with northward and southward currents occurring alternately
(Fig. 13a). The observed subtidal sea level elevations at both the west and east coasts
of the YS also fluctuated at a prominent synoptic scale. Notably, the intermittent
northward current is closely correlated with the synoptic variations in sea level at both
the west and east coasts of the YS.

We focused on the period in February in Fig. 13b to more clearly see the
relations between subtidal variations in sea level and synoptic current fluctuations.
The domain-averaged surface wind indicates several prominent weather processes. A
strong northerly storm burst and relaxation can be noted after 12 February. The
northerly wind tends to drive water in the BS and northern YS southward. When the
wind relaxes, the high sea level signal moves northward along the Korean coast, and
the low sea level propagates southward along the coast of China, which causes the sea
level anomaly to be out of phase at stations on the west and east coasts of the YS
(black and magenta lines in Fig. 13b). The lowpass filtered current at station M2 also
shows the quick oscillation of the YSWC under frequent synoptic events. The
northward current burst corresponds to low sea level in the western YS and high sea
level in the eastern YS. When the sea level pattern is reversed to be high in the east
and low in the west, the southern YS entrance is dominated by a southward current.

This provides evidence that the synoptic perturbations in the surface wind forcing are
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mainly responsible for the short time scale fluctuations of the YSWC.

To understand the dynamic mechanism of the phenomenon described in the
above observations, we verified the model results. The model-simulated 6-hourly
snapshots of the SSH anomaly and subtidal current at 50 m depth during the
observational time period are shown in Fig. 14. Similar to previous modeling studies
(Hu et al., 2017; Qu et al., 2017; Ding et al., 2018), the cyclonic rotation of high and
low sea levels along the BS and YS coasts during synoptic weather events can be very
clearly noted. The subtidal current responds strongly to sea level adjustment. A
northward currents dominate the central YS when low sea level occurs west of the YS
and high sea level occurs east of the YS. When the sea level is high to the west and
low to the east, the current reverses toward south. The model results well represent the
synoptic character of the YSWC during winter storms. The episodic strong northward
intrusion of the YSWC is highly related to sea level adjustment due to the propagation
of coastal trapped waves along the YS shelf (Hu et al., 2016; Ding et al., 2018; Ding
etal., 2019; Li and Huang, 2019).

It can be concluded that the high-frequency weather systems associated with
frequent winter storm bursts and wind relaxation have the potential to excite trapped
coastal waves, which modify the sea level distribution and induce high-frequency
synoptic variations in the YSWC. For example, the high sea level moves northward
along the Korean coast, and low sea level advances southward along the coast of
China during wind relaxation, which increases the westward sea level-related

barotropic pressure gradient force. Thus, both the YSWC and westward intrusion of
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the CWC are intensified, which induces acceleration of the warm salty water intrusion
into the southern YS. In contrast, a low sea level propagates northward along the
Korean coast, and high sea level moves southward along the Chinese coast, which
builds the eastward sea level gradient, and the YSWC is decreased or even reversed
toward south. The CWC mainly flows eastward without intruding northwestward. The
warm and salty water intrusion is decreased.

Previous studies have suggested the importance of winter storm bursts and
relaxation, which cause the northwestward intrusion of the CWC to bring warm and
salty water into the southern YS in the frontal region (Lie et al., 2009, 2015). As
mentioned above, the intermittent intrusion of warm and salty water is closely
associated with the high-frequency wind-induced sea level gradient at the southern
YS entrance. The dynamics of synoptic variability in the YSWC are determined here
based on the model output. We verified the momentum terms from the model outputs
at station M2 in the southern YS entrance in both the along-shelf (NW-SE) and
cross-shelf (SW-NE) directions.

Fig. 15 shows the time series of all momentum terms at M2 during February
2017. In the along-shelf direction, the momentum balance can be predominantly
determined by four terms, i.e., the acceleration, barotropic pressure gradient, Coriolis
force, and vertical diffusion. The other terms are negligibly small and can be ignored.
The dominant terms are the barotropic pressure gradient and Coriolis force. The
acceleration and vertical diffusion terms cannot be ignored. The sign of the

acceleration is in accordance with that of the barotropic pressure gradient, indicating
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that it is the sea level-related barotropic pressure gradient that mainly drives the
acceleration of the flow in the along-shelf direction. In the cross-shelf direction, a
geostrophic balance held with the Coriolis force was mainly balanced by the
barotropic pressure gradient. The other terms only make minor contributions to this
balance and can be ignored. The signs of the dominant momentum terms were
occasionally reversed and were in accordance with the synoptic current fluctuations
shown in Fig. 13b, which further highlights the important effect of the high-frequency
wind-induced sea level gradient on the intermittent intrusion of warm and salty water
into the southern YS.
5. Conclusion

In this paper, we evaluate the impact of the high-frequency atmospheric forcing
in simulating the YSWC and warm salty water transport in the YS during winter. A
control and six sensitivity experiments were performed using an unstructured regional
ocean model. The study focused on the period from January to March 2017, which is
when direct observations were available. A model-data comparison shows that the
simulation results are closer to the observations after including the high-frequency
atmospheric forcing. A dramatic response of the YSWC was noted when filtering the
high-frequency atmospheric forcing in the BS and YS during winter. The comparison
of model experiments with and without atmospheric forcing associated with
high-frequency weather systems shows that the high-frequency atmospheric forcing
intensifies the magnitude of the time-mean YSWC by 40-100%, lowers the mean

temperature by 1°C, and strengthens the mean salinity by 0.2-0.5 psu along the
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YSWC pathway. The model results also show that the removal of high-frequency
atmospheric phenomena greatly dampens the synoptic variability in the strength of the
YSWC. The high-frequency atmospheric forcing is mainly responsible for the
episodic fluctuations in the YSWC.

We confirm that the high-frequency variations in wind forcing impact the
YSWC and mean temperature far more substantially than other atmospheric variables,
such as air temperature, in the YS during winter. The high-frequency wind not only
directly drives the ocean current but also affects the heat fluxes through the bulk
formula. Both observations and model results indicate that the high-frequency
atmospheric forcing associated with a frequent winter storm burst and relaxation has
the potential to excite trapped coastal waves propagating cyclonically around the BS
and YS coasts, which acts as a very important factor that influences the synoptic
variability in the YSWC and intermittent warm and salty water intrusion into the
southern YS. For some relatively strong weather events, such as the successive storm
bursts during 15-25 February 2017, the 7-day running mean or monthly averaging
were very severe, and the wind forcing may no longer be able to excite energetic
coastal trapped waves, which may not be favorable for heat and salt transport into the
southern YS.

We have presented evidence that “switching on” the synoptic variability in
atmospheric forcing is responsible for an increase in the intensity of the regional
circulation and heat transport of the YS during winter. Therefore, this study highlights

the need for a closer investigation of the impact of high-frequency atmospheric
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forcing on the regional circulation in coastal seas. The change in the frequency of
winter storms also acts as a very important factor impacting the intensity of the
YSWC and warm salty water intrusion. The frequency of storms is usually defined as
“storminess” (Munday and Zhai, 2017). Future climate change potentially impacts
storminess in the YS during winter, which tends to change the amount of synoptic
variability in the atmospheric forcing. Thus, the regional circulation in the YS should
be influential. The effect of storminess on the YSWC needs further investigation in

the future.

Appendix A: Model validation

We compare the sea level fluctuations obtained from coastal stations in the BS and
YS with the control simulation (Fig. Al). The locations of these costal tide stations
are shown in Fig. 1. The sea level fluctuations from the control run show good
agreement with those derived from the observations at coastal stations. The strong
synoptic variations in sea level at all coastal stations around the BS and Y'S coasts in
the control simulation correspond well with the observations. The mean correlation
coefficients between the observations and simulations at the 16 coastal stations all
reach 0.92. Both the observed and model-simulated time-distance contours of sea
level fluctuations indicate the cyclonic propagation of sea level signals around the BS
and YS coasts. Simultaneously, there are also some disagreements between the
simulations and observations, as the model seems to overestimate the magnitude of

sea level fluctuations during some of the synoptic weather systems. For example,
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synoptic events occurred during 16-23 January, 12-25 February, and 15-27 March.
The differences found in the sea level comparison may originate from an inaccurate
surface forcing and bathymetry in coastal seas.

The time series of observed sea level anomalies are compared to the model results
in Exp-1HR and Exp-7DAY (Fig. A2). The model results in EXP-1HR capture the
fluctuations, although they overestimate the amplitude of the sea level anomaly
during multiple storm events. It is also clear that the model fails to resolve the
synoptic sea level fluctuations in EXP-7DAY when the high-frequency atmospheric
forcing is ignored. The quick oscillations of sea level during the storms are filtered
out in EXP-7DAY.

We also compare the observed subtidal current collected from mooring stations
and simulations (Fig. A3). We found that the model does a decent job of capturing the
synoptic variability and magnitudes of the subtidal currents at both M1 and M2. The
observed characteristics of strong current fluctuations in winter and weak current
fluctuations in spring are also represented by the model. Both the observations and
model results indicate the strong northward current burst of the YSWC during
frequent winter storms, especially in winter. There are also some discrepancies
between the simulations and observations. The model results underestimate the
magnitudes of both meridional and zonal current components at the two stations
before 20 January. The model also overestimates the magnitude of subtidal currents
during strong winter storm bursts, especially the meridional current component. For

example, from 20-26 January and 15-25 February, the mean observation-model
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current difference is 2.69 cm/s and 2.10 cm/s for zonal and meridional components at
station M1 and is 3.13 cm/s and 3.24 cm/s for that at M2, respectively.

The model-simulated time-averaged currents in Exp-1HR and Exp-7DAY are
compared with those from the observations (Fig. A4). Including the high-frequency
atmospheric forcing in the model (EXP-1HR) enables enhancement of the time-mean
current magnitude. Thus, the simulated mean current in EXP-1HR is closer to the
observations compared with the model results in EXP-7DAY. Excluding the synoptic
atmospheric forcing not only reduced the magnitude of the time-mean current but also
changed the current direction. For example, at mooring station M2 (Fig. A4b), the
northwestward current was changed to be northeastward in the upper layers when the
high-frequency atmospheric forcing was ignored in EXP-7DAY.

The temperature and salinity between the simulation and observations from the
CTD cruise in the YS in January 2017 were also compared (Fig. A5). As the water is
less stratified during winter, we only show the comparison of surface and bottom
layers. The model properly represents the observed temperature and salinity
distributions. The cold water in coastal areas and relatively warm water in the outer
shelf are well represented by the model. Both the observations and model results
show the northwestward intrusion of a warm tongue along the western YS trough. The
model simulated a relatively higher warm tongue extending northwestward in the
western YS compared with the observations. The model-simulated salinity
distribution also agrees with the observations with low salinity water near the coastal

region and high salinity water from the YSWC in the deeper region. However, the
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model-simulated salinity is lower than the observations, especially in shallow water
regions, which may be induced by inaccurate estimates of freshwater discharge from
the Changjiang River.

The observed and simulated vertical profiles of the average temperature and
salinity at all the CTD stations are shown in Fig. A6. Notably, the model-simulated
temperature profile in both Exp-1HR and Exp-7DAY agree well with the observations
(Fig. A6a). The simulated mean temperature profile is more accurate in EXP-1HR
than in EXP-7DAY. Excluding the synoptic atmospheric forcing tends to amplify the
temperature difference between the model and observations. The mean difference
between the observations and model results decreases from 0.811°C to 0.805°C when
considering the high-frequency atmospheric forcing. Notably, the simulated salinity
profile differs from the observed structure (Fig. A6b). Including the high-frequency
atmospheric forcing cannot improve the simulations, although the discrepancy
between the observations and model reduces from 0.569 psu to 0.561 psu.
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Figure 1. Map of the studied region including the Bohai Sea, Yellow Sea and East China Sea. Blue

dashed lines denote open boundaries for the regional ocean model. Gray lines show the bathymetry

of 10, 50, 70, 200, 1000 and 2000 m. Blue triangle indicates mooring station deployed along the 70

m isobath in the southern Yellow Sea. Red dots denote coastal tide gauge stations along the Bohai

Sea and Yellow Sea coast (1: MokPo, 2: YeongKwang, 3: KunSan, 4: InCheon; 5: Donggang, 6:

Xiaochangshan, 7: Laohutan, 8: Bayuquan, 9: Qinhuangdao, 10: Tanggu, 11: Longkou, 12: Yantai,

13: Chengshantou, 14: Rizhao, 15: Lianyungang, 16: Lvsi). Black dots denote the CTD stations

during winter cruise of 2017. Red dashed line denotes a transect along 35°N crossing the southern

Yellow Sea.

Figure 2. Time series of sea level anomaly at coastal stations around the Bohai and Yellow Sea coast

(a). The sea level fluctuations were shifted downward by 0.8 m to show the sea level variations at

each station more clearly. Time-distance contour of sea level anomaly at the 16 coastal stations

around the Bohai and Yellow Sea coast is shown in (b). Black dashed line is used to separate the

whole observational period into two different time periods. An enlarged view for time-distance

contour of sea level anomaly focusing on February is shown in (c).

Figure 3. Observed time series of zonal and meridional components of sub-tidal currents at stations

M1 and M2 in the southern Yellow Sea during winter and early spring 2017. The currents were

lowpass filtered to remove the tidal signals.

Figure 4. Temporal average of surface wind stress calculated from hourly CFSv2 winds in Exp-
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1HR, with its magnitude in colors and direction by arrows (a). The differences of wind stress

magnitude between Exp-1HR and experiment are drawn for (b) Exp-1HR minus Exp-7DAY and (¢)

Exp-1HR minus Exp-MON. Comparison of time series of wind stress averaged over the southern

Yellow Sea among the three experiments is shown in (d) and (e). Black line denotes zonal and

meridional wind stress components in Exp-1HR. Red line denotes Exp-7DAY and Blue line denotes

Exp-MON.

Figure 5. Time-mean net surface heat flux in Exp-1HR (a). Differences of net surface heat flux

between Exp-1HR and the other experiments (Exp-1HR minus Exp-7DAY, Exp-1HR minus Exp-

MON, Exp-1HR minus Exp-WIND-MON, EXP-HEAT-MON) are shown in (b) — (¢). Comparison

of time series of net surface heat flux averaged over the southern Yellow Sea is shown in (f). Black

line denotes Exp-1HR; Red line denotes Exp-7DAY; Blue line denotes Exp-MON; Cyan line

denotes Exp-WIND-MON; Magenta lines denotes Exp-HEAT-MON.

Figure 6. Comparison of mean current between Exp-1HR and Exp-MON at 5 m (a), 30 m (c), and

50 m (e). Black arrows denote Exp-1HR and red arrows denote Exp-MON. The differences of

current magnitude between Exp-1HR and Exp-MON (Exp-1HR minus Exp-MON) are shown (b),

(d) and (f).

Figure 7. The mean temperature in Exp-1HR (a, d and g), and Exp-MON (b, ¢, and h) at 5 m, 30 m

and 50 m. The differences of temperature between Exp-1HR and Exp-MON (Exp-1HR minus Exp-

MON) are shown in (c), (), and (1).
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Figure 8. Same as Figure. 7, but for salinity.

Figure 9. Comparison of mean meridional current component, temperature and salinity along the

transect at 35°N between Exp-1HR (a, d and g) and Exp-MON (b, e and h). The differences (Exp-

1HR minus Exp-MON) are shown in ¢, fand i.

Figure 10. Mean momentum terms in the zonal direction along the transect at 35°N for Exp-1HR

and Exp-MON. The differences (Exp-1HR minus Exp-MON) are also shown in this figure. HADV:

horizontal advection, VADV: vertical advection, BAROC P: baroclinic pressure gradient,

BAROT _P: barotropic pressure gradient, CORI: Coriolis force, DUDT: acceleration, HDIFF:

horizontal diffusion, VDIFF: vertical diffusion.

Figure 11. Same as Figure 10, but for the meridional direction.

Figure 12. Differences of mean temperature at 5 m, 30 m, and 50 m between Exp-1HR and

experiments. (a)-(c): Exp-1HR minus Exp-MON, (d)-(f): Exp-1HR minus Exp-WIND-MON, (g)-

(1): Exp-1HR minus Exp-HEAT-MON, (j)-(1): Exp-1HR minus Exp-WIND-MON-HEAT-SET.

Figure 13. (a) Time series of observed meridional component of sub-tidal currents at station M2

during winter and early spring 2017. The time series of sea level anomaly at station Lvsi on west

coast and MokPo on east coast of YS are also shown in this figure. Black dashed lines denote time
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period from 31 January to 28 February. (b) The sub-tidal current component and sea level anomaly

from 31 January to 28 February. The domain averaged surface wind from CFSv2/NCEP is also

shown in gray sticks.

Figure 14. Six hourly snapshot of sea surface height anomaly and sub-tidal current at 50 m depth

during several synoptic weather systems from 17 to 23 February. The thick black arrows indicate

domain averaged surface wind.

Figure 15. Time series of momentum terms in the along shelf (NW-SE) direction and cross shelf

(SW-NE) direction. Positive values indicate NW and SW directions.

Figure Al. Comparison of low-pass filtered sea level fluctuations at all 16 stations between the

observations (a) and control run (b).

Figure A2. Time series of low-pass filtered sea level fluctuations from the observations (blue), EXP-

1HR (red) and EXP-7DAY (black).

Figure A3. Comparison of low-pass filtered current between the observations and model results at

station M1 and M2.

Figure A4. The time-averaged current at station M1 and M2 from the observations, EXP-1HR and

EXP-7DAY.
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Figure A5. Comparison of surface and bottom salinity between the observations and model results

from control run. The black dots denote CTD stations. The blue triangles denote the two current

mooring stations.

Figure A6. The mean temperature (a) and salinity (b) profile averaged over all the CTD stations

from the observations (blue), EXP-1HR (red) and EXP-7DAY (black).

Figure S1. Time series of the hourly atmospheric variables of surface wind (a), air temperature (b),

and sea level pressure (c) averaged over the southern Yellow Sea. The atmospheric data are obtained

from CFSv2/NCEP.

Figure S2. Comparison of mean current between Exp-1HR and Exp-7DAY at 5 m (a), 30 m (c), and

50 m (e). Black arrows denote Exp-1HR and red arrows denote Exp-7DAY. The differences of

current magnitude between Exp-1HR and Exp-7DAY (Exp-1HR minus Exp-7DAY) are shown (b),

(d) and (f).

Figure S3. The mean temperature in Exp-1HR (a, d and g), and Exp-7DAY (b, ¢, and h) at 5 m, 30

m and 50 m. The differences of temperature between Exp-1HR and Exp-7DAY (Exp-1HR minus

Exp-7DAY) are shown in (c), (f), and (i).

Figure S4. Same as Figure. S3, but for salinity.
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Figure AS5.
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Figure A6.
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Tables

Table 1 Information for model experiments

Exp name Wind Pressure Air Relative Long wave Short wave Heat flux
Temperature Humidity
Exp-1HR 1 hourly wind | 1 hourly 1 hourly 1 hourly 1 hourly 1 hourly Calculated using bulk formulation
speed
Exp-7DAY Tday running | 7day running | 7day running | 7day running | 7day running | 7day running | Calculated using bulk formulation
mean wind speed | mean mean mean mean mean
Exp-MON Monthly averaged | Monthly Monthly Monthly Monthly Monthly Calculated using bulk formulation
wind speed averaged averaged averaged averaged averaged
Exp-WIND-MON Monthly averaged | 1 hourly 1 hourly 1 hourly 1 hourly 1 hourly Calculated using bulk formulation
wind speed
Exp-HEAT-MON 1 hourly wind | Monthly Monthly Monthly Monthly Monthly Calculated using bulk formulation
speed averaged averaged averaged averaged averaged
Exp-WIND-MON-HEAT-SET | Monthly averaged | 1 hourly Not included Not included | Not included | Not included | Prescribed using net surface flux and

wind speed

short-wave radiation from Exp-1HR




Table 2 Lag correlations of sea level elevations between station pairs

Station pair Correlation Coefficient Lag (hours)
IC-MP 0.8382 1
Bayuquan-MP 0.7537 2
Qinhuangdao-MP 0.7844 4
Tanggu-MP 0.7630 6
Chengshantou-MP 0.8236 8
Rizhao-MP 0.7452 11
Lvsi-MP 0.7170 23
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