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Abstract. An asymmetric response of coastal currents to oscillating alongshore wind stress is observed over a coastal bank off 10 

the southern coast of Korea. Alongshore currents exhibit consistently larger variability in the western region than in the eastern 

region. Numerical experiments show that sea level reaches a maximum (minimum) in the western coastal region during 

westward (eastward) winds, leading to stronger cross-shore sea level gradients under both wind directions. Momentum balance 

analysis suggests that the alongshore pressure gradient force acts in the same direction as the wind stress in the western region 

but opposes the wind stress in the eastern region, resulting in a stronger current response in the western region. The asymmetry 15 

arises from spatial differences in mass convergence and divergence driven by spatially varying Ekmanvertically integrated 

transport over the bank, which is subsequently governed by arrested topographic wave dynamics. This asymmetric mass 

redistribution leads to energy flux convergence in the western region. Although offshore currents and variations in the wind 

stress period and magnitude modulate coastal circulation, the qualitative asymmetry persists. These findings suggest that 

similar current asymmetries may occur in other coastal regions with bank-like geometry. Understanding such asymmetric 20 

current responses to wind stress is essential for assessing their potential ecological impacts in coastal bank regions. 

1 Introduction 

Coastal currents have long been a subject of scientific inquiry because they play an important role in shaping coastal 

ecosystems by transporting and dispersing nutrients, sediments, and pollutants (Geyer et al., 2004; James, 2002; Washburn 

and McPhee-Shaw, 2013; Whitney et al., 2005). 25 

Wind is a dominant driver of coastal currents, and the wind-driven response to alongshore wind stress has been extensively 

studied (Allen, 1980; Brink, 1987; Huyer et al., 1978; Winant, 1980). However, coastal circulation is also strongly influenced 

by alongshore variations in coastal topography (Gan and Allen, 2002; Saldías and Allen, 2020; Su and Pohlmann, 2009). 

Such topographic features, including bays, bights, promontories, shelf valleys, shelf width variations, and submarine canyons, 

have been shown to influence coastal currents (Allen and Hickey, 2010; Chen et al., 2024; Davidson et al., 2001; Gan et al., 30 
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2009; Liu and Gan, 2014; Palma and Matano, 2009; Pringle, 2002; Pringle and Dever, 2009; Rosenfeld et al., 1994; Saldías et 

al., 2021; Saldías and Allen, 2020; Zhang and Lentz, 2017, 2018). 

Another prominent form of alongshore topographic variation is a coastal bank. Previous studies have examined the variations 

in coastal currents and circulation around various banks, including Georges Bank (Brink, 1983; Brink et al., 2003, 2009; Chen 

et al., 1995; Naimie, 1996; Naimie et al., 1994; Noble et al., 1985), Halten Bank (Oey et al., 1992), Heceta Bank (Barth et al., 35 

2005; Castelao and Barth, 2005; Kirincich and Barth, 2009; Kosro, 2005; Whitney and Allen, 2009b), and Taiwan Bank (Liao 

et al., 2018). Because the complexity of real ocean environments can obscure underlying dynamics, idealized numerical 

experiments using simplified bank topography have also been employed to facilitate theoretical investigation (Castelao and 

Barth, 2006; Chen and Beardsley, 1995; Whitney and Allen, 2009a).  

Previous studies have reported asymmetric currents and circulation in the presence of alongshore topographic variations 40 

(Davidson et al., 2001; Trasviña et al., 1995; Zhang and Lentz, 2017). In particular, circulation around a coastal bank 

respondscan respond asymmetrically to upwelling-favorable winds, but symmetrically to downwelling-favorable winds, with 

the strength of the associated upwelling and downwelling jets varying with wind stress magnitude and bank geometry (Castelao 

and Barth, 2006; Whitney and Allen, 2009a). However, these studies have primarily focused on steady wind forcing, paying 

comparatively little attention to oscillatory alongshore wind stress, which is common in coastal environments. 45 

During the summer of 2019, surface currents were observed at six stations in the southern sea of the Korean Peninsula (Fig. 

1a). This region has a mean depth of approximately 100 m and is characterized by bank-like topography and a persistent 

eastward alongshore current (hereafter referred to as the offshore current) throughout the year (Cho et al., 2009, 2013; Jung 

and Cho, 2020; Kim et al., 2014; Pang et al., 2003; Teague et al., 2003). The observations reveal that wind-driven current 

variability is consistently stronger on the western side of the bank than on the eastern side, independent of wind direction, and 50 

that coastal currents covary with oscillatory alongshore wind forcing (Fig. 2). 

This study investigates the factors contributing to the asymmetric response of coastal currents over a bank under both 

upwelling- and downwelling-favorable winds, using observational data analyses and numerical modeling. Section 2 describes 

the data, analysis methods, and model configuration. Section 3 presents the asymmetric current responses over the bank and 

examines the underlying mechanisms based on model results, along with the influence of offshore currents and sensitivity to 55 

wind forcing amplitude and period. Section 4 discusses the mechanism driving the asymmetry and other factors that may affect 

it. Section 5 presents the conclusions of this study. 
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Figure 1: (a) Observation stations (dots; A–F) for surface current measurements and bathymetry in the study area. Blue and orange 60 
colors indicate the western and eastern regions of the bank, respectively. Gray lines represent 30 and 60 m isobaths. The black cross 

denotes the wind observation station, and the thick black arrow indicates the schematic path of the offshore current. (b) Model 

domain and bathymetry for the idealized experiment. 
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 65 

Figure 2: Alongshore wind velocity (black line) and alongshore surface currents observed at the stations shown in Fig. 1a. Stations 

A–F correspond to the dots in Fig. 1a from west to east. Blue and orange colors indicate stations located in the western and eastern 

regions of the bank, respectively. 

 

2 Data and methods 70 

2.1 Observations 

Surface current data were obtained from routine ADCP observations (depicted as dots in Fig. 1a) conducted by the Korea 

Hydrographic and Oceanographic Agency. The six observation stations were located at depths of 28.5, 16.5, 28.0, 17.5, 10.5, 

and 24.0 m from west to east. Current measurements were sampled at 10-minute intervals. Vertical bin sizes were 1 m at all 

stations except station E, where a bin size of 0.5 m was used. Because only surface current data are publicly available, this 75 

study focuses on variability in surface currents. Wind data were obtained from the Geomundo buoy (black cross in Fig. 1a), 

maintained by the Korea Meteorological Administration. 
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In this study, the alongshore direction was defined as 20º counterclockwise from the east-west direction, with the positive 

direction eastward. Wind and current time series shown in Fig. 2 were band-pass filtered between 2 and 10 days to isolate 

wind-driven coastal variability (Allen, 1980; Barth et al., 2005).  80 

The power spectral densities (PSDs) of the alongshore wind and surface currents at stations B and F were calculated to identify 

dominant periods (Fig. 3a). The PSD of the alongshore wind exhibits a pronounced peak at a 7.5-day period. At station B, the 

dominant spectral peak in the surface currents coincides with that of the alongshore wind. Although the PSD at station F shows 

an additional peak at a 5.7-day period, which is marginally the highest among the multiple peaks, it also exhibits a prominent 

peak at the wind-driven 7.5-day period. 85 

 

 

Figure 3: (a) Power spectral densities (PSDs) of alongshore wind (black) observed at the buoy location (black cross in Fig. 1a) and 

alongshore surface currents observed at stations B (blue) and F (orange) from July 1 to September 18. (b) Initial temperature profile 

used in the idealized model. 90 

 

2.2 Realistic model 

A previously developed realistic model was used to complement the limited observational coverage and to examine the full 

spatial variability of coastal currents (Jung and Cho, 2020). The model domain is identical to that of Jung and Cho (2020), 

except that the coastline and bathymetry along the southern coast of the Korean Peninsula are represented using less smoothing. 95 

The previous model successfully reproduced the upwelling pattern in the study area when compared with in situ observations. 

The initial conditions were taken from the output of the previous model. The model was initialized from the 2015 output of 

the previous simulation and integrated through 2019. Tidal forcing was omitted to isolate the wind-driven dynamical response 

of coastal currents over the bank. All other model configurations, including atmospheric forcing and open boundary conditions, 
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are identical to those used in the previous study. Additional details of the model configuration can be found in Jung and Cho 100 

(2020). 

 

2.3 Idealized model 

The numerical model employed in this study was the Regional Ocean Modeling System (ROMS) (Shchepetkin and 

McWilliams, 2005), which is a split-explicit, free-surface, hydrostatic ocean model characterized by a terrain-following 105 

curvilinear coordinate system. Because the complex coastline and bottom bathymetry in the realistic model preclude dynamical 

analyses of the underlying bank-induced circulation, we conducted idealized numerical experiments using a simplified 

coastline and bathymetry. The model domain was 500 km long and 200 km wide (Fig. 1b), with a grid resolution of 1 km 

horizontally and 30 vertical layers.  

The idealized bank bathymetry was constructed by linearly interpolating the depth at each x location using three points: the 110 

coast (0 m), the 30 m isobath, and 100 km offshore (120 m) (Fig. 1b).  

The y-coordinate of the 30 m isobath (y30) is defined as follows: 

𝑦30(𝑥) = 𝑦𝑐𝑜𝑎𝑠𝑡 − 𝑦𝑤exp(− (
𝑥−𝑥𝑚

𝑥𝑒𝑓
)
2

), (1) 

where the values of 𝑦𝑐𝑜𝑎𝑠𝑡, 𝑦𝑤, 𝑥𝑚, and 𝑥𝑒𝑓 are 199, 40, 250, and 50, respectively. The bank width and length scale are 

controlled by 𝑦𝑤 and 𝑥𝑒𝑓, respectively. A minimum depth of 10 m was employed in this study. The bank geometry was 

designed to match the scale of the bank in the study area (Fig. 1a). 115 

Vertical mixing was parameterized with the MY-2.5 turbulent closure scheme (Mellor and Yamada, 1982). The background 

vertical eddy viscosity and diffusivity were both set to 10-5 m2 s-1, and the Coriolis parameter was fixed at f = 10-4 s-1. Bottom 

stress was parameterized using a linear formulation, in which the stress was assumed to be linearly proportional to velocity 

and the bottom drag coefficient was set to 5x10-4 m s-1. 

The northern boundary was closed and the eastern and western boundaries were periodic. At the southern (offshore) boundary, 120 

a radiation condition was imposed for the free-surface elevation. The Flather condition was applied to the barotropic 

momentum, while zero-gradient conditions were used for the baroclinic momentum and other three-dimensional (3D) variables. 

The horizontal viscosity and diffusivity coefficients were set to 20 and 2 m2 s-1, respectively (Ledwell et al., 1998). The initial 

temperature profile was prescribed as follows (Chen et al., 2019; Jung and Cho, 2023):  

𝑇(𝑧) = 5 × 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑧+25

15
) + 21., (2) 

where z is the vertical coordinate, defined as positive upward with z = 0 at the surface. The initial temperature profile (Fig. 3b) 125 

represents typical summer conditions along the southern coast of the Korean Peninsula. Salinity was held constant at 32 psu 

throughout the experiments. 
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Because the winds in the study area blow predominantly alongshore and exhibit little spatial variability across the bank, the 

model was forced with a temporally oscillating, spatially uniform alongshore wind stress. The forcing period was set to 8 days 

based on the dominant peak in the wind power spectrum (Fig. 3a). The maximum wind stress (0.05 N/m²) corresponds to a 130 

wind speed of approximately 6.0 m/s, assuming a drag coefficient of 1.25 × 10-3 and an air density of 1.2 kg/m³. This value 

corresponds to the mean speed within the upper 10% of both eastward and westward wind events during the study period. No 

surface heat flux was applied. 

In experiments including offshore currents, a constant alongshore pressure gradient (1/250 hPa/km i.e. sea-level tilt of about 1 

cm per 250 km alongshore) was applied as a body force (Zhang et al., 2011) over the entire model domain to generate the 135 

eastward offshore current similar to that along the southern coast of the Korean Peninsula. After a 30-day spin-up without 

wind stress, the simulated offshore current followed the isobaths and reached approximately 30 cm/s near the bank head. 

 

2.4 Sensitivity experiments 

In addition to the control simulation, which is forced by an oscillatory alongshore wind stress with a period of 8 days and an 140 

amplitude of 0.05 N/m², a series of sensitivity experiments were conducted to evaluate the robustness of the modeled 

asymmetric response and to assess its dependence on wind stress characteristics. To test the sensitivity to wind periods, periods 

of 4 and 12 days were used. Additionally, amplitudes of 0.025 and 0.075 N/m² were applied to test the sensitivity to wind 

amplitudes. Furthermore, additional idealized experiments were performed to examine specific dynamic contributions. To test 

the role of bottom friction, weaker (5x10⁻⁵ m s⁻¹) and stronger (5x10⁻³ m s⁻¹) bottom drag coefficients were applied. A uniform 145 

density experiment was also conducted to assess the influence of stratification on the occurrence of the asymmetry. Finally, 

steady westward and eastward wind stresses were applied to compare with the oscillatory forcing responses. Although only 

the results of the sensitivity experiments on wind amplitude and period are presented in detail, the key findings from the other 

experiments are briefly mentioned to support the physical interpretation of our results. 

 150 

3 Results 

3.1 Asymmetric response of coastal currents to oscillating wind stress 

Observed alongshore surface currents were averaged across four stations in the western region and compared with those in the 

eastern region. For the eastern region, only station F was used because currents at station E exhibited minimal variability, 

possibly due to local bathymetric effects. Alongshore currents are well correlated with the alongshore wind (Fig. 2), and the2). 155 

The alongshore currents and the alongshore wind show statistically significant correlations (p-value < 0.05) at all stations 

except station E. The correlation coefficients at stations A, B, C, D, and F are 0.44, 0.57, 0.59, 0.46, and 0.42, respectively. 

The temporal variability is greater in the western region (blue line in Fig. 4a) than in the eastern region (orange line in Fig. 4a).  
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From July 1 to September 18, the standard deviation of the alongshore surface current was 7.0 cm/s in the western region and 

5.3 cm/s in the eastern region. To complement the limited observational coverage, the realistic model results were analyzed at 160 

the corresponding locations. Over the same period, the modeled alongshore current variability was 13.2 cm/s in the western 

region and 7.4 cm/s in the eastern region, indicating that the realistic model successfully captures the enhanced variability in 

the western region (Fig. 4b). Similar asymmetry is also evident in the area-averaged alongshore surface currents within each 

region (Fig. 4c).  

 165 

 

Figure 4: Time series of the spatially averaged alongshore surface currents at the observation stations from (a) observations and (b) 

the realistic model. (c) Spatially averaged surface currents from the realistic model within each triangular region shown in Fig. 1a. 

The blue and orange lines represent the western and eastern regions, respectively. 

 170 

Composite means of surface currents during periods when the magnitude of the alongshore wind exceeded 5 m/s are shown in 

Fig. 5. The realistic model reproduces the observed spatial patterns qualitatively well and clearly shows the difference between 

the two regions. Surface currents are stronger in the western region (blue arrows in Fig. 5) than in the eastern region (orange 

arrows in Fig. 5) under both eastward and westward wind conditions. These results indicate that the asymmetry is not sensitive 

to the choice of observation stations. 175 
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Figure 5: Composite means of (top) observed surface currents and (bottom) simulated surface currents from the realistic model 

during (left) westward and (right) eastward winds exceeding 5 m/s from July 1 to September 18. 

 180 

3.2 Idealized numerical experiments 

To isolate the bank-induced dynamics, an idealized model was employed, excluding the effects of a complex coastline and 

small-scale bathymetric irregularities. The idealized experiments were analyzed after two wind cycles. The model results 

exhibit an asymmetric response of the coastal currents, with larger variability in the western region (blue arrows in Fig. 6) than 

in the eastern region (orange arrows in Fig. 6).  185 

Under westward (eastward) winds, sea level anomalies show asymmetric distributions, reaching a maximum (minimum) in 

the western region (Figs. 6c and 6d). The maximum and minimum sea levels result in stronger cross-shore sea level gradients 

in the western region. These results suggest that the observed asymmetry arises from intrinsic dynamics associated with the 

bank topography rather than from coastal geometry or small-scale bottom irregularities. 

 190 
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Figure 6: (top) Surface currents and (bottom) sea level anomalies from the idealized model on (left) day 18 and (right) day 22. The 

sea level anomaly is defined as the deviation from the spatial mean. Gray contours represent the bottom topography, with depths 

indicated in meters. 

 195 

3.3 Momentum balance 

The idealized model results indicate that the asymmetric response of the coastal currents is associated with an asymmetric sea 

level distribution. To identify the dominant terms responsible for this asymmetry, the cross-shore and alongshore depth-

averaged momentum balances were calculated from the idealized model results, neglecting the small horizontal viscosity term: 

𝜕𝑢

𝜕𝑡
= −

𝜕(𝑢𝑢)

𝜕𝑥
−

𝜕(𝑣𝑢)

𝜕𝑦
−

1

𝜌0

𝜕𝑃

𝜕𝑥
+ 𝑓𝑣 +

𝜏𝑠
𝑥

ℎ𝜌0
−

𝜏𝑏
𝑥

ℎ𝜌0
, (3) 
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𝜕𝑣

𝜕𝑡
= −

𝜕(𝑢𝑣)

𝜕𝑥
−

𝜕(𝑣𝑣)

𝜕𝑦
−

1

𝜌0

𝜕𝑃

𝜕𝑦
− 𝑓𝑢 +

𝜏𝑠
𝑦

ℎ𝜌0
−

𝜏𝑏
𝑦

ℎ𝜌0
, (4) 

 

where 𝑢 and 𝑣 are the alongshore and cross-shore depth-averaged velocities, respectively, 𝑃 is the pressure, 𝜌0 is the density, 

𝑓 is the Coriolis parameter, 𝜏𝑠 is the wind stress, and 𝜏𝑏 is the bottom stress. 

In the cross-shore direction, the dominant terms are the Coriolis force and the pressure gradient force (PGF), indicating a 

geostrophic balance (Fig. 7). Both the Coriolis force and the PGF are larger in the western region than in the eastern region, 205 

consistent with the larger cross-shore sea level gradients (Figs. 6c and 6d). The stronger geostrophic balance in the western 

region is also evident in the time series (Fig. 8) and persists throughout the analysis period. 
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Figure 7: Cross-shore depth-averaged momentum balances calculated from the idealized model results during (top) westward winds 

on day 18 and (bottom) eastward winds on day 22. Gray contours represent the bottom topography, with depths indicated in meters. 210 

 

 

Figure 8: Time series of cross-shore depth-averaged momentum balance terms from the idealized model results at the (a) western 

and (b) eastern regions (blue and orange crosses in Fig. 1b). 

 215 

In the alongshore direction, the wind stress, PGF, Coriolis force, and bottom stress are in balance (Figs. 9 and 10). In both 

regions, the PGF primarily balances the Coriolis force, while the wind stress is offset by bottom stress. Notably, the over the 

shallower region. Notably, the bottom stress is strongest in the western region under both wind directions. The PGF opposes 

the wind stress in the eastern region but aligns with it in the western region, leading to enhanced alongshore current variability 
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in the west. Time series of the alongshore momentum terms confirm that this contrast persists throughout the analysis period 220 

(Figs. 11c and 11d). 

Although the depth-averaged wind stress is symmetric between the two regions (Figs. 9b and 10b), the resulting 

Ekmanvertically integrated transport produces stronger convergence during westward winds and stronger divergence during 

eastward winds in the western region because the mass transport over the shallower region is more closely aligned with the 

wind direction. As a result, alongshore wind forcing over the bank generates laterally asymmetric sea level distributions (Figs. 225 

6c and 6d), which in turn drive spatial variations in the alongshore PGF (Figs. 9c and 10c). 

 

 

Figure 9: Alongshore depth-averaged momentum balances calculated from the idealized model results during westward winds on 

day 18. Gray contours represent the bottom topography, with depths indicated in meters. 230 
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Figure 10: Same as Fig. 9, but for eastward winds on day 22. 

 

 235 

Figure 11: (a) Time series of alongshore surface currents at the western (blue) and eastern (orange) regions (blue and orange crosses 

in Fig. 1b), and depth-averaged alongshore momentum balance terms from the idealized model results at the (b) western and (c) 

eastern regions (blue and orange crosses in Fig. 1b). 
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3.4 Influence of offshore currents on the asymmetry 240 

In general, offshore currents can modulate both the strength and direction of coastal currents (Bane Jr et al., 1988; Hinata et 

al., 2008; Palma et al., 2008; Park and Nam, 2018). In the southern sea of the Korean Peninsula, persistent eastward alongshore 

offshore currents exist (Cho et al., 2009, 2013; Jung and Cho, 2020; Kim et al., 2014; Pang et al., 2003; Teague et al., 2003). 

To examine how these offshore currents influence the asymmetric response of coastal currents, idealized numerical 

experiments including imposed offshore currents were conducted.  245 

The results of these experiments are shown in Fig. 12. The offshore currents flow continuously from west to east, following 

the isobaths between the 30 m and 60 m contours. In the absence of wind forcing, this current reaches a speed of approximately 

30 cm/s near the bank head.  

During westward winds, a cyclonic coastal circulation develops in the western region (Fig. 12a), a feature that is absent in 

experiments without offshore currents (Fig. 6a). This cyclonic circulation enhances the westward coastal currents. In the 250 

eastern region, westward wind-driven currents veer northwestward, reducing their westward component. During eastward 

winds, the eastward coastal currents are further intensified by the eastward offshore currents (Fig. 12b). 

The offshore currents also modify the sea level distribution. During westward winds, the sea level exhibits a pronounced 

offshore minimum in the western region (Fig. 12c), which coincides with the cyclonic circulation (Fig. 12a). During eastward 

winds, the sea level increases monotonically from the coast toward offshore (Fig. 12d), suppressing the development of a 255 

western coastal maximum (Fig. 6d). Consequently, sea level remains relatively low in the western region under both wind 

directions, although the location of the minimum shifts. 

Despite these modifications to both the coastal currents and the sea level distribution, the asymmetric response of the coastal 

currents between the western and eastern regions remains qualitatively unchanged. 

 260 
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Figure 12: Same as Fig. 6, but with the inclusion of offshore currents. 

 

3.5 Sensitivity experiments on wind amplitude and period 

In this study, the model was forced with a representative alongshore wind stress observed in the study area, using an 8-day 265 

period and an amplitude of 0.05 N/m². Because wind forcing in the ocean spans a broad range of periods and amplitudes, 

sensitivity experiments were conducted to assess how the asymmetric response depends on wind stress characteristics.  

Figure. 13 summarizesFigures 13a and 13b summarize experiments with a fixed amplitude of 0.05 N/m² and periods of 4, 8, 

and 12 days. In all cases, the alongshore surface currents (24-hour moving average) exhibit larger variability in the western 

region (Fig. 13a) than in the eastern region (Fig. 13b), demonstrating that the asymmetry is robust to changes in the forcing 270 

period. The PSDs of the alongshore surface currents (Figs. 13c and 13d) show distinct peaks at the imposed periods, with peak 

magnitudes scaling with current strength in each region. Notably, the maximum surface current speed at the specified locations 

is nearly identical for the 8-day and 12 days-day cases, suggesting a tendency toward saturation of the response under the 

present topographic setting and a wind stress amplitude of 0.05 N/m². This behavior is consistent with previous studies 

describing mature upwelling and downwelling jets under sustained alongshore wind forcing (Whitney and Allen, 2009a, b). 275 

Experiments with steady westward and eastward wind stresses indicated that the alongshore surface currents reached nearly 

steady values comparable to the peak currents in the oscillatory wind experiments with 8-day and 12-day forcing periods, with 

the eastward wind case showing less stable variability in surface currents (not shown).  

Figure. 14 showsFigures 13c and 13d show results for an 8-day wind period with wind stress amplitudes of 0.025, 0.05, and 

0.075 N/m². For all amplitudes, the alongshore surface currents (24-hour moving average) exhibit larger variability in the 280 

western region (Fig. 14a13c) than in the eastern region (Fig. 14b13d), indicating that the asymmetric response persists across 

a range of wind stress magnitudes. The PSDs show prominent peaks at the imposed 8-day period, and the peak magnitudes 

increase with wind stress amplitudes, scaling with the strength of the surface currents (Figs. 14c and 14d). 
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 285 

Power spectral density analyses of these sensitivity experiments consistently exhibit a single dominant peak that exactly 

matches the period of wind forcing in all cases (not shown). 
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Figure 13: Alongshore surface currents at the (a) western and (b) eastern regions (blue and orange crosses in Fig. 1b), and power 290 
spectral densities at the (, c) western and (b, d) eastern regions (blue and orange crosses in Fig. 1b)1b) from sensitivity experiments 

under various(a, b) varying wind periods. 

 

 

Figure 14: Same as Fig. 13, but for various and (c, d) varying wind stress amplitudes. 295 
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4 Discussion 

Although the depth-averaged wind stress is spatially symmetric across the bank, the resulting EkmanTo clarify the physical 

mechanisms driving the observed asymmetric current response over the coastal bank, it is necessary to evaluate several 300 

candidate dynamical frameworks. These include the arrested topographic wave (ATW), coastal-trapped lee waves, topographic 

Rossby waves (TRWs), and the role of background stratification. The ATW framework describes a frictionally arrested and 

quasi-steady spatial adjustment to wind forcing. In contrast, coastal-trapped lee waves are transient, propagating features 

generated downstream of topographic variations. Similarly, TRWs, generated by flow-topography interactions, could 

redistribute momentum and energy by propagating at intrinsic wave timescales. Finally, background stratification introduces 305 

baroclinic effects that can influence the observed asymmetry. In the following discussion, we evaluate each of these concepts 

to clarify their specific roles and limitations in generating the observed asymmetry. 

 transport produces an asymmetric response because the mass transport over the shallower region becomes more aligned with 

the wind direction under the influence of strong bottom stress. This generates pronounced mass convergence and divergence 

in the western region during westward and eastward winds, respectively.  310 

The momentum balance analysis presented above shows a geostrophic balance in the cross-shore direction, while the 

alongshore momentum balance is maintained among wind stress, bottom stress, PGF, and Coriolis force, which is consistent 

with the arrested topographic wave (ATW)ATW framework (Csanady, 1978). Although the depth-averaged wind stress is 

spatially symmetric across the bank, the resulting vertically integrated transport produces an asymmetric response because the 

mass transport over the shallower region becomes more aligned with the wind direction under the influence of strong bottom 315 

stress. This generates pronounced mass convergence and divergence in the western region during westward and eastward 

winds, respectively. Under these conditions, the disturbance generated by the mass convergence or divergence in the western 

region is subsequently governed by ATW dynamics, which describes the disturbance spreading out as a form of spatial 

diffusion. Furthermore, experiments with varying bottom friction suggest that current variability and cross-shore sea level 

gradients in the western region become stronger as bottom friction decreases (not shown), which is consistent with the ATW 320 

framework, where friction controls the spatial adjustment of the response. Because the topography converges toward the west, 

depth-integrated energy fluxes propagating westward converge strongly in the western region under both eastward and 

westward wind conditions. Thus, the enhanced variability observed in the western region reflects the spatial redistribution of 

energy. Within the ATW framework, energy flux convergence does not imply continuous local energy accumulation. Rather, 

it identifies a region where the continuously supplied energy flux must be balanced by enhanced dissipation. This balance is 325 

achieved through intensified current variability and associated sea level gradients in the western region. 
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The interaction between coastal currents and alongshore topographic variations can generate coastal-trapped lee waves when 

the current flows opposite to the phase propagation of coastal-trapped waves (Martell and Allen, 1979). Such waves can 

modulate coastal circulation and produce asymmetric current responses to alongshore wind stress (Chen et al., 2024; Zhang 

and Lentz, 2017, 2018). In contrast, when the current flows in the same direction as the phase propagation, the circulation 330 

tends to respond symmetrically (Zhang and Lentz, 2017, 2018).  

However, in the present study, asymmetry in both coastal currents and sea level is observed under both westward and eastward 

winds. This directional independence differs from previously reported wave-induced asymmetries, suggesting that a 

mechanism distinct from coastal-trapped wave dynamics is responsible for the observed asymmetry.  

Throughout the experiments, bottom stress plays a significant role in the alongshore momentum balance and can strongly 335 

damp propagating wave motions (Brink, 2006). Given the shallow bank depth (< 30 m over the bank and < 60 m on the flanks), 

bottom friction is expected to substantially limit the persistence and propagation of coastal-trapped waves. Thus, although 

transient or weakly trapped wave responses cannot be ruled out, the wind-driven response over the shallow bank is more likely 

governed by local dynamics associated with the bank topographypropagation of coastal-trapped waves. Thus, although 

transient or some trapped wave responses cannot be ruled out, the wind-driven response over the shallow bank is more likely 340 

governed by topographic adjustment over the bank rather than by propagating wave processes. Another potential source of the 

asymmetry is propagating TRWs, which can be generated through the interactions between the flow and bottom topography. 

Under the conditions of the present idealized model along the steep bathymetric gradients around the bank flank (buoyancy 

frequency of 0.02 s-1 and bottom slope of 0.0026), the estimated intrinsic TRW periods under stratified conditions (e.g., Ku et 

al., 2020; Rhines, 1970) are approximately 1 day and 0.6 days for wavelengths of 50 km and 100 km, respectively. However, 345 

the power spectral densities of surface currents and depth-averaged currents consistently exhibit a single dominant peak at 8 

days (not shown), with no significant energy at shorter periods, including these intrinsic TRW timescales. In addition, given 

the bottom drag coefficient (5x10-4 m s-1) used in the idealized model, the associated spin-down timescale along the bank edge 

is approximately 0.7 days, indicating that propagating TRWs would be strongly damped in this region. This confirms that the 

observed asymmetry is governed by frictionally arrested, quasi-steady dynamics over the bank rather than by propagating 350 

wave processes. 

Another potential source of the asymmetry is topographic Rossby waves (TRWs), which can be generated through the 

interactions between the flow and bottom topography and may contribute to the asymmetric current responses. Under the 

conditions of the present idealized model along the bank edge (depth of 30 m, buoyancy frequency of 0.02 s-1, and bottom 

slope of 0.0026), the estimated TRW periods under stratified conditions (e.g., Ku et al., 2020; Rhines, 1970) are approximately 355 

1 day and 0.6 days for wavelengths of 50 km and 100 km, respectively.  

However, the power spectral densities (PSDs) of surface currents (Figures 13 and 14) and depth-averaged currents (not shown) 

consistently exhibit a single dominant peak at approximately 8 days, with no significant energy at shorter periods, including 

the intrinsic TRW timescales. In addition, given the bottom drag coefficient (5x10-4 m s-1) used in the idealized model, the 
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associated spin-down timescale along the bank edge is approximately 0.7 days, indicating that freely propagating TRWs would 360 

be strongly damped in this region.  

These results suggest that, although TRWs may be weakly excited and respond in a quasi-steady manner to alongshore wind 

forcing, their contribution is minimal. Therefore, TRWs are unlikely to play a dominant role in the observed asymmetry. 

BankAn experiment with uniform density suggested that the asymmetric response over the bank remained present, indicating 

that stratification is not essential for the asymmetry itself (not shown). However, if geometries, including dimensions and 365 

geometric asymmetry, can alter the location of upwelling and downwelling jets (Castelao and Barth, 2006; Whitney and Allen, 

2009a, b). Because such jets may act as offshore currents, they can modulate the coastal circulation. Nevertheless, as discussed 

above, the qualitative asymmetry in alongshore currents and sea level may remain unchanged.  

If stratification is sufficiently strong to keep the Ekman layer shallower than the depth, oscillatory alongshore wind stress may 

weaken or suppress asymmetric responses over the bank because alongshore convergence and divergence would be weak 370 

(Hsueh and Kenney III, 1972; Jung and Cho, 2023).  

In addition to the factors discussed above, bank geometries, including dimensions and geometric asymmetry, can alter the 

location of upwelling and downwelling jets (Castelao and Barth, 2006; Whitney and Allen, 2009a, b). Because such jets may 

act as offshore currents, they can modulate the coastal circulation. Nevertheless, as discussed above, the qualitative asymmetry 

in alongshore currents and sea level may remain unchanged. IfFurthermore, if offshore currents are strong enough to 375 

overwhelm wind-driven coastal currents over the bank (Barth et al., 2005), the asymmetry may be reduced or absent. Even so, 

asymmetric wind-driven variability has been reported over a bank (Kosro, 2005), suggesting that an asymmetric response may 

emerge when wind stress is sufficiently strong to dominate the coastal bank circulation (Liao et al., 2018; Oey et al., 2014). 

It should be noted that the observational data analyzed in this study span a specific period from July to September 2019. While 

the dominant 8-day wind period identified during this observational window may not reflect the full year-round wind climate, 380 

it effectively captures the characteristic timescales of synoptic weather events in this region. Although a detailed investigation 

into the seasonal variations of wind periodicity remains a subject for future study, our numerical sensitivity experiments 

demonstrate that the asymmetric current response over the bank robustly persists across a broad spectrum of forcing periods 

(from 4 to 12 days) and even under steady wind forcing (not shown). This consistent response indicates that the asymmetry 

proposed in this study is a fundamental feature of the coastal bank's general dynamics, independent of specific seasonal wind 385 

periods. 

 

5 Conclusions 

Observational data reveal an asymmetric response of alongshore surface currents over a coastal bank. Current variability is 

consistently larger in the western region than in the eastern region in response to oscillating alongshore wind stress. The 390 

asymmetry is well reproduced by a realistic model and is shown to be insensitive to the choice of observation stations. 



 

21 

 

Idealized numerical experiments, designed to isolate intrinsic variability over the bank, demonstrate that sea level reaches a 

maximum during westward winds and a minimum during eastward winds along the western coast of the bank. These sea level 

patterns produce stronger cross-shore sea level gradients, which play a central role in shaping the asymmetric current response. 

Momentum balance analysis suggests that coastal currents are in geostrophic balance in the cross-shore direction. Consistent 395 

with the stronger sea level gradients, both the Coriolis force and the PGF are larger in the western region throughout the 

analysis period. In the alongshore direction, the PGF acts in the same direction as the wind stress in the western region but 

opposes it in the eastern region, leading to enhanced variability of coastal currents in the west. This contrast arises because 

Ekmanvertically integrated transport over the shallower region is more closely aligned with the wind direction, resulting in 

stronger convergence during westward winds and stronger divergence during eastward winds in the western region. The 400 

resulting asymmetric mass redistribution leads to enhanced energy flux convergence in the western region, consistent with the 

ATW framework, associated with enhanced current variability and stronger sea level gradients in the western region. 

Offshore currents modulate the coastal circulation by altering both current structures and sea level distributions over the bank. 

During westward winds, a cyclonic circulation develops in the western region, while during eastward winds, coastal currents 

accelerate and merge with the offshore currents. Nevertheless, the qualitative asymmetry between the western and eastern 405 

regions persists. Sensitivity experiments spanning a range of wind stress periods and amplitudes consistently show larger 

current variability in the western region, confirming that the asymmetric response is robust and not specific to the study period 

or location. These results suggest that similar asymmetries may be expected in other coastal regions with comparable bank 

geometry. 

Beyond their dynamical significance, asymmetric coastal currents and sea level distributions may strongly influence nutrient 410 

transport and residence times, with important implications for coastal ecosystems. Further work, including more extensive 

observations and Lagrangian particle tracking, is needed to better understand the broader ecological implications of wind-

driven asymmetry over coastal banks. 
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