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Abstract 

 

Dynamics of seasonal and interannual variations of currents 

observed near the east coast of Korea 

 

Jae-Hyoung Park 

School of Earth and Environmental Sciences 

The Graduate School 

Seoul National University, Korea 

 

It is important to understand the shelf circulation playing essential roles on 

the distribution of heat, nutrient, and oceanic debris in coastal ocean near where 

about 40 % of the world’s population lives. In comparison to the open ocean, the 

coastal region is an energetic and complex environment due to various forces 

involved in the current variation. Using long-term continuous mooring data, the 

characteristics and the dynamics of the current variation both in seasonal and 

interannual time-scale, especially, off the mid-east coast of Korea are examined in 

this study.    

A 6-year long current measurement at a buoy station off the mid-east coast 

of Korea reveals an equatorward reversal of coastal current in summer (from June 

to September) opposing poleward local wind stress and offshore, boundary current. 
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The current reversal extends about 40 km offshore from the coast and is concurrent 

with warming and freshening of water column. Estimates of the depth-averaged 

alongshore momentum balance suggest a major balance between the alongshore 

pressure gradient and the lateral friction. Sources of the pressure gradient for the 

summertime current reversal are identified as the alongshore buoyancy gradient 

driven by the wind curl gradient (60%) and the prevalence of warmer and lower 

salinity water in the north. Alongshore pressure gradient and velocity induced by 

the wind curl gradient are quantified, which yields the observed seasonal current 

variation. 

Interannual variation of summertime surface current near the mid-east coast 

of Korea is analyzed using the long-term (~16 years) moored measurements. The 

observed alongshore current in summer is directed to equatorward and has a mean 

speed of 6.1 ± 1.0 cm s-1 with significant interannual variations (the range of 20.3 

cm s-1): positive anomalies (more poleward) in 2001, 2009, 2010, and 2014; 

negative anomalies (more equatorward) in 2002, 2006, and 2012. The remote wind 

forcing, primarily off the Russian coast, accounts for more variance (~50 %) of the 

interannual alongshore current variation than the local wind forcing while the local 

wind forced model considering the upwelling or downwelling dynamics better 

explains episodic events of alongshore currents in summer than the coastal-trapped 

waves model. The offshore forcing as a penetration of pressure gradient by the 

boundary current, which explains 35 % of the total variance of interannual 
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alongshore current variation, also contributes to the summer mean poleward 

alongshore current near the coast. This study suggests that the interannual variation 

of the summer mean surface alongshore current inshore of the boundary current is 

mainly explained by the linear combination of wind and offshore forcings (~72 %).  

 

Keyword : East coast of Korea, coastal current, wind stress curl gradient, local and remote 

wind forcing, long-term moored data, influence of boundary current, seasonal variation, 

interannual variation 
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1. Introduction 

1.1 Important forcings on coastal circulation dynamics 

Coastal currents playing an essential role in redistributing heat, 

nutrient, and materials have been derived in response to wind, wind stress curl, 

buoyancy forcing, offshore forcing (Figure 1.1). Episodic alongshore currents 

are often balanced by both local wind stress and bottom stress in the inner 

shelf regime (i.e., water depth shallower than 50 m) (Allen and Smith, 1981; 

Lentz, 1994; Lentz and Winant, 1986, Austin and Lentz, 2002). In the mid-

shelf region (water depth is ~100 m), the local wind-driven alongshore current 

becomes mainly in geostrophic balance with either upwelling or downwelling 

front where the bottom stress is significantly reduced due to vertical shear of 

horizontal currents in the thermal wind balance (Austin and Barth, 2002; 

Shearman and Lentz 2003, Li et al., 2014). 

 
Figure 1.1 Previous theoretical/numerical and observational studies on the dynamics 
of coastal current and the contributions of this study. 
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Remote forcing propagating via waves is important to understand the 

coastal current variation. There are two representative waves propagating 

along the coast due to the presence of boundary and continental slope: internal 

Kelvin wave and continental shelf wave. Internal Kelvin wave is an inertia-

gravity wave with the boundary. Because there is no normal flow at the 

boundary, the amplitude of Kelvin wave shows its maximum at the boundary 

and decays exponentially to the offshore. Due to the effect of rotating earth, 

Kelvin wave in the northern hemisphere propagates with the coast on its right. 

The continental shelf wave is generated due to the change in potential 

vorticity when the water column is displaced up or down a slope. The 

continental shelf wave propagates in the same direction of Kelvin wave. The 

coastal trapped wave (CTW) is a hybrid of internal Kelvin wave and 

continental shelf wave. The alongshore current is occasionally affected by 

remote wind forcing via CTW propagation (e.g., Brink 1982; Clarke and 

Gorder, 1986; Hickey et al., 2003; Jordi et al., 2005; Figure 1.2). 
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Figure 1.2 Schematics about the propatation of pressure perturbation via CTW: 
poleward wind stress case. Sea levels are somewhat exaggerated for emphasizing sea 
level gradient. Black dashed line denotes isopycnal in the ocean. 

 

Wind stress curl has played important roles on the coastal or boundary 

current from regional to basin scale and weather band to seasonal scale. It was 

reported that positive wind stress curl can induce poleward alongshore current 

in β-plane via Sverdrup dynamics and this can explain seasonal variation of 

alongshore current off the west coast of the US (McCreary et al., 1987). After 

that, Oey (1999) suggested alongshore current can be induced by wind stress 

curl even in the f-plane. He found Kelvin wave like solution and revealed that 

negative alongshore gradient of wind stress curl can lower the sea level at the 

coast and this would induce equatorward current in seasonal time scale using 

numerical model. It was also documented that the wind stress curl affects the 

separation of boundary current (Aquirre et al., 2012; Castelao and Barth, 

2007). 
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On the shelf region in the vicinity of the western boundary current, 

the coastal current is influenced by the boundary current exerting as an 

offshore pressure forcing (e.g. Gulf Stream, East Australian Current, and 

Loop Current) (Archer et al., 2017; Csanady, 1978; Kelly and Chapman, 1988; 

Liu et al., 2016; Xu and Oey, 2011). The extent of the influence of the 

imposed alongshore pressure gradient depends upon the topographic 

steepness (Chapman and Brink, 1987) and the width of shelf (Middleton, 

1987; Hetland et al., 1999). In contrast, observations revealed currents at the 

shelf edge opposing the offshore boundary current, yet its dynamics is poorly 

understood (Meyers et al., 2001). 

In coastal dynamics, alongshore pressure gradient force, generated by 

wind stress, buoyancy forcing, and offshore forcing, is regarded as an 

important forcing mechanism that drives alongshore current. For example, 

over the Middle Atlantic Bight off the east coast of the United States, it was 

found that the mean equatorward current is mainly balanced with the 

alongshore pressure gradient (Lentz, 2008; Xu and Oey, 2011). Moreover, 

seasonal variation of alongshore current was also induced by alongshore 

pressure gradient generated by the river discharge in the Gulf of Mexico 

(Dzwonkowski and Park, 2010). 

Although the effect of wind stress curl gradient on the coastal current 

was investigated by Oey (1999), the observational evidence was not presented 
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and the dynamical description about the relationship between alongshore 

gradient and the along wind stress curl gradient was not sufficiently provided. 

The interannual variations of coastal current and possible dynamics 

related to remote wind forcing (Bachèlery et al, 2016), cross-shore wind stress 

curl gradient (Davis and Lorenzo, 2015), and along- (Li et al., 2014) and 

cross-shore (Feng et al., 2016) wind stress have been suggested. Due to a lack 

of long-term continuous current measurement, coastal current variation on 

interannual time scale and their mechanism are less studied until recent years. 

Also, the relative effects of various forcings affecting the interannual 

variation are not well quantified. 

 

1.2 Review of coastal current off the east coast of Korea 

Contrasting to the well-known WBC systems, relatively few works 

have been dedicated to WBCs near and off the east coast of Korea: East Korea 

Warm Current (EKWC) and North Korea Cold Current (NKCC), and even 

fewer to coastal currents inshore of them on the shelf and slope (Figure 1.3). 

The EKWC, a branch of the Tsushima Warm Current, flows poleward all year 

round along the east coast of Korea carrying relatively high salinity warm 

water named Tsushima Middle Water (TMW: S > 34.3, T > 10°C) and 

frequently accompanied by low salinity warm water, especially in summer 

and autumn, named Tsushima Surface Water (TSW: S < 34.0, T > 10°C) 

(Chang et al., 2016). The NKCC, regardless of either an extension of the 
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Liman Cold Current off the Russian coast or separated current, flows 

equatorward carrying low salinity cold water named North Korea Cold Water 

(NKCW: S < 34.05, T > 10°C), often clearly found from spring to summer 

(Kim et al., 2009; Yun et al., 2004). The interannual variation of EKWC is 

known to be related to wind stress curl (Trusenkova et al., 2009), intrinsic 

variability (Choi et al., 2017) and eddy activity (Chang et al., 2004). The 

NKCC development has been discussed to be related to the buoyancy forcing 

(Park and Lim, 2017), wind stress curl (Kim and Yoon, 1996; Seung, 1992) 

and wind stress (Na et al, 2010) in the northwestern East Sea (Japan Sea). The 

relationship between the two WBCs has been reported in both numerical 

(Seung and Kim, 1989) and observational works (Lee and Niiller, 2010), and 

their impacts on interannual and decadal variations of intermediate water 

properties and zonally contrasting upper ocean heat content are highlighted 

recently (Nam et al., 2016; Yoon et al., 2016).  
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Figure 1.3 Topography and boundary currents in the East Sea 

 

Alongshore current variations and underlying dynamics near the coast 

inshore of the WBCs are still poorly understood. Although summertime 

equatorward currents near the coast, opposing to the EKWC, have been 

documented from short-term (< 6 months) current measurements (Lee and 

Chang, 2004; Lie, 1984; Lie and Byun, 1985) and dynamics on the 

intensification of the equatorward currents near the coast by sudden 

strengthening of the poleward-flowing EKWC has theoretically been 



 

 ８

suggested (Seung, 1986), they remained unclear what drive(s) the 

summertime equatorward coastal currents and how. In addition, coastally-

trapped surface low salinity buoyant water (S < 33.0, T > 5°C) of northern 

origin distinguished from both NKCW and TSW has been evident, which is 

consistent with equatorward surface current near the coast in summer (Jeong 

et al., 2013; Lee and Lee, 2017) (see Fig. 1c). In spite of previous suggestions 

on dynamics underlying the seasonal variations of coastal current, main 

drivers and forcing mechanisms of the seasonal and interannual variability 

remained unknown probably due to lack of long enough continuous time-

series measurements. 

 

1.3 Scope of this study 

The purpose of this study is to increase knowledge of the physical 

oceanography of coastal current variation on the mid-shelf immediately 

downstream of the western boundary current with local and remote wind as 

well as wind stress curl gradient along the coast. 

 
1.4 Objectives 

The main objectives are: 

1. To describe the characteristics of seasonal and interannual variation 

of alongshore current and accompanied hydrographic variation; and  

2. To investigate the dynamics underlying the variations. 
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These goals are achieved through 

 The combined analysis of long-term continuous measurements, 

hydrographic observation, and reanalysis data, and 

 Theoretical models study of the coastal region. 
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2. Seasonal variation of depth-averaged alongshore current 

off the east coast of Korea 

2.1 Data and method 

2.1.1 Data Sources 

Long time-series data have been collected since 1999 using a surface 

buoy, the East Sea Real-time Ocean Buoy (ESROB; Figure 2.1 and Table 2.1), 

off 8 km from the coast at a depth of 130 m (i.e. narrow (< 20 km) shelf 

corresponds to mid- or outer shelf regime) (Nam et al., 2005a; Kim et al., 

2005) (Figure 2.2 and 2.3b). The ESROB is equipped with an acoustic 

Doppler current profiler (ADCP) measuring full-depth currents at every 5 m 

interval and five Seabird Conductivity-Temperature-Depth (CTD) sensors at 

5, 20, 40, 60 and bottom-most depth (90, 100, 110 or 130 m), and 

meteorological sensors. The data coverage of the ESROB has increased over 

90% since 2007. The data are nearly continuous for 6-year (from January 1, 

2007 to December 31, 2012) so we selected 6-year data to investigate the 

seasonal variability of physical parameters. Horizontal wind and current 

measured at ESROB are decomposed into alongshore (30˚ counter-clockwise 

from the north: parallel to the coastline) and cross-shore components. 

Presence of gaps of CTD, ADCP, and wind data are 7.9, 10.7, and 8.8 %, 

respectively. Over 6-year, the largest gap is about 2 months (from May 27, 

2010 to July 28, 2010). The others are from O(days) to O(weeks) and 

distributed throughout the period. Moored current data obtained at UB2 from 
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May 2007 to February 2010 at a depth of 1940 m are also used to represent 

the offshore boundary current (Figure 2.2b and Table 2.1). Upper currents at 

UB2 are decomposed into north-south (alongshore) and east-west (cross-

shore) directions. After applying the standard quality-control procedure for 

ADCP and CTD data and a correction for magnetic deviation for ADCP 

compass, time series data are 40-hour low pass filtered (Butterworth 8th order) 

to remove high frequency fluctuations. 

 
Figure 2.1 Schematic of ESROB system 
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Table 2.1 Data used in this study. 

* The deepest CTD sensor have been moved from 130 m to 110m since July 27, 2010. 
Vertical bin depths of the ADCP have been changed from 5m interval (7m to 127m, 25 levels) 
to 4m interval (6m to 126m, 31 levels) since May 4, 2008. 
** Standard depth: 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500m; Basically 
the hydrographic survey is conducted in February, April, June, August, October, and 
December. Selected stations: 107, 106, 105, and 103 line and west of 131.2˚E 
*** Standard depth: 0, 10, 25, 50, 75, 100, 150, 200, 300m; Selected coastal (inshore of 500-
m isobath) stations: 201 line (st.1, 2), 301 line (st.1, 2, 3), 401 line (st.1), 501 line (st.1, 2, 3), 
601 line (st.1, 2), 701 line (st.1, 2), 801 line (st.1, 2), 901 line (st.1, 2, 3)  

 

 Duration Position Variables 
Sampling 
interval Institutions

ESROB* 2007 Jan. 
-2012 Dec. 

36º 01.07’N 
129º 23.95’E 

T, S, current 
and wind 

10 
minutes 

SNU 

KMA 
buoy 

2007 Jan. 
- 2010 Dec. 

36º 01.07’N 
129º 23.95’E 

Wind 1 hour KMA 

Sokcho 2004 Jan 
- 2010 Dec 

38º 12.267’N 
128º 35.80’E 

Tide gauge 
data 

1 hour KHOA 

Mukho 2004 Jan 
- 2010 Dec 

37º 32.85’N 
129º 07.12’E 

Tide gauge 
data 

1 hour KHOA 

Hupo 2004 Jan 
- 2010 Dec 

36º 40.47’N 
129º 27.33’E 

Tide gauge 
data 

1 hour KHOA 

Pohang 2004 Jan 
- 2010 Dec 

36º 01.07’N 
129º 23.95’E 

Tide gauge 
data 

1 hour KHOA 

NIFS** 2000 Feb 
- 2012 Dec 

The Ulleung 
Basin  

T and S 2 months NIFS 

CFRS*** 1932 Jan 
- 1943 Oct 

Along the east 
coast of Korea 

T and S 1 month CFRS 

SSH 1993 Jan 
- 2011 Jun 

The East Sea Sea level 7 days Choi et al., 
2012 

MERRA 1993 Jan 
- 2011 Jun 

The East Sea Wind stress 
curl 

Daily NASA 
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Figure 2.2 A time table of ESROB system from 1999 to 2015. 

 

Bimonthly CTD data collected by the National Institute of Fisheries 

Science (NIFS) from 2000 to 2012 at selected coastal stations south of 38N 

are used to identify the onshore-offshore seasonal difference in physical 

properties near the ESROB and to compute baroclinic pressure gradient terms 

in the depth-averaged momentum equations (Figure 2.3b). To supplement the 

hydrographic data in the northern coastal area, the Central Fisheries Research 

Station (CFRS) data obtained from 1932 to 1943 on a monthly basis are used 

(Figure 2.3a).  



 

 １４

 
Figure 2.3 a) CFRS coastal stations (red cross) superimposed on schematic paths of 
two boundary currents, the EKWC (red shade) and the NKCC (blue shade) in the 
western East/Japan Sea based on Park et al. (2013). Locations of Vladivostok (VV), 
Tumen River (TR), EKB, four tide guage stations (Sokcho (SC), Mukho (MH), Hupo 
(HP), and Pohang (PH); green cross), and CFRS stations are shown. (b) The black 
box region is expanded. Locations of NIFS coastal stations (black cross) with their 
station numbers along 105 and 107 lines, and ESROB (orange circle) and KMA (red 
circle) buoy stations are demonstrated. Also shown are locations of moored current 
measurements at L85, L84, UB0, and UB2. Long-term (longer than 2 years) mean 
depth-averaged currents (5.125m at ESROB and 30.130m at UB2) and short-term 
mean currents in July from other studies at UB0 (Lee and Chang, 2014), L84 (Lie, 
1984), and L85 (Lie and Byun, 1985), spanning from 10 days to 6 months, in July 
are indicated by blue vectors. Climatological southerly winds in July measured at 
ESROB and KMA are denoted with gray arrows and (c) shelf (<200 m depth) width 
along the coast 

 

Adjusted sea level data obtained from 4 tide-gauge stations, Sokcho 

(SC), Mukho (MH), Hupo (HP), and Pohang (PH) provided by Korea 

Hydrographic and Oceanographic Administration and offshore wind data 

from Korea Meteorological Administration (KMA) are also used to estimate 

the alongshore pressure gradient and to examine the on- and offshore winds, 

respectively (Figure 2.3b).  
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Spatial patterns of sea level and wind curl are analyzed using the 

AVISO-based sea surface height (SSH) data (Choi et al., 2012) and Modern‐

Era Retrospective Analysis for Research and Applications (MERRA) daily 

wind data (http://gmao.gsfc.nasa.gov/merra) (Rienecker et al., 2011). 

Horizontal resolutions of the SSH and wind data are 0.25˚ × 0.25˚ and 0.5˚ × 

2/3˚ (latitude × longitude), respectively.  

2.1.2 Data processing 

Observed ESROB current and wind data are corrected for magnetic 

declination (8˚ W). Decomposing along (v) and cross-shore (u) components 

of horizontal current is carried out by rotating the y-axis 30º counter-

clockwise from the north (Figure 2.3b), which is parallel to the coast line. The 

data gaps of the ADCP data are handled both temporally and vertically while 

the gaps of the ESROB CTD data and tide-gauge data are processed only 

temporally. Along and cross-shore currents are vertically interpolated with 

1m interval using ‘shape preserving cubic spline’ method implemented by 

MATLAB. After the interpolation, we subsampled current data from 5m to 

125m with 5m interval. The reason we applied vertical interpolation is that 

there are many gaps below the 80m depth which is possibly due to the diel 

vertical migration of zooplankton. In addition, a depth-matching problem of 

two periods of currents data set which have been changed from 5m to 4m 

depth interval (see Table 2.1) should be handled. These vertically interpolated 

current data do not show significant difference from the raw data in depth-
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averaged sense. The temporal gaps of the buoy and tide-gauge data of which 

durations are 24hr or less are filled with linear interpolation. To remove high 

frequency fluctuations, hourly averaging and 40-hour low-pass filter 

(Butterworth 8th order) are applied. Monthly climatology of temperature and 

salinity data are calculated from the ESROB CTD data where we assume that 

salinity and temperature at 110m are the same as those at 130m (see Table 1).; 

typical difference in temperature is O(10-1)˚C and almost same in salinity. 

Wind data acquired at 3.4 m above the sea surface at ESROB is converted to 

10 m winds (W10m) assuming a logarithmic profile. Wind stress is calculated 

from ESROB and MERRA wind data following Large and Pond (1981) (Eq. 

2.1),  

10 10air D m mC W W 
. (2.1) 

Momentum of along and cross-shore current will be analyzed in 

depth-averaged sense for simplicity. Depth-averaged currents from the 

ESROB and hydrographic data from the NIFS and the CFRS are calculated 

using trapezoidal method (Dzwonkowski and Park, 2010). A depth-averaged 

value is calculated following Eq. (2.2), 
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1 up
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z

up lo

z

w
zz

dz
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  (2.2) 

where Ψ is an arbitrary variable and upz  and lowz  are upper and 

lower most depth where data exist. 
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To estimate the alongshore barotropic pressure gradient, we should 

know the absolute mean dynamic topography at each tide-gauge stations. 

However, the tide-gauge data along the coast have no information of absolute 

mean dynamic topography. Thus, the sea level anomaly (SLA) is estimated 

from the data that was demeaned and eliminated the effect of ‘inverted 

barometer’ (Hickey, 1984; Figure 2.4). 

 
Figure 2.4 (a) A scatter plot of the tide gauge data at Mukho vs. air pressure. (b) 
Same plot except inverted barometer effect is eliminated from the tide gauge data. 

 

AVISO-based sea surface height anomaly (SSHA) field is used 

instead of SSH field to maintain consistency with tide-gauge data. The 7-day 

interval SSH data are averaged monthly after removing time mean value at 

each grid point. Monthly averaged wind stress curl anomaly (WSCA) field is 

estimated from MERRA daily wind data. Monthly averaged WSCA data are 

obtained following the steps below. (1) Wind stress is calculated from 

MERRA daily wind data. (2) From the wind stress and direction, zonal and 

meridional components of wind stress are decomposed and daily wind stress 

curl is estimated following the Eq. (2.1) where Re, θ, and   denotes the 
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volumetric mean radius of the earth (Re=6371 km), latitude, and longitude, 

respectively (Bakun and Nelsen, 1991). (3) Time mean values of wind stress 

curl at each grid point were removed and then averaged monthly. 

( )1

co

o

s

c s

e

curl
R

  
  


 

    
 (2.3) 

Standard Error (STE) of mean currents are estimated following Lentz 

(2008a). Decorrelation time scale is calculated by integrating auto-correlation 

from zero to e-folding time lag because it shows stable results relative to the 

integration of zero to zero-crossing time lag interval case. 

To investigate the dynamics underlying the summertime current 

reversal, we diagnose the depth-averaged momentum balances. Linear depth-

averaged cross-shore and alongshore momentum equations on the f-plane are 

as follows: 
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        (2.5) 

where (U, V) are the depth-averaged velocities in the cross-shore and 

alongshore (x, y) directions, f (= 8.854×10-5 s-1) is the Coriolis parameter,  

is the sea surface height, g is gravity, ρ0 is the reference seawater density taken 

as ρ0=1025 kg m-3, H is water depth (H=130 m), ρ is density, τsx and τsy are 
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cross- and alongshore components of surface wind stress, and superscript da 

denotes depth-average. 

Although the nonlinear advection can play an important role in the 

alongshore current dynamics inshore of western boundary current region (e.g., 

Schaeffer et al., 2015), it could not be computed directly from the 

observations due to data limitation. A rough estimate of the nonlinear term in 

the alongshore direction based on the altimetry-derived alongshore 

geostrophic velocities yields at least one order of magnitude smaller than 

other dominant terms. Local current acceleration and Coriolis force terms are 

estimated using the currents obtained from the ESROB. The alongshore 

barotropic pressure gradient ( y y
BTPG g







) is estimated from the difference 

of tide-gauge data between Sokcho and Mukho. The alongshore baroclinic 

pressure gradient (
02

da

y

gH
G

y
BCP




 
  

 ) is estimated from the depth-

averaged density difference between 10603 and 10504 NIFS data which are 

representative of coastal region. The depth-averaged velocities from the 

ESROB are used in a time varying and Coriolis (fuda , -fvda). In addition, wind 

from the ESROB is used in the estimation of wind stress term (
0

sy

H




  ). 

Cross-shore baroclinic pressure gradient ( 02

da
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gH
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x




     ) is estimated 
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from the depth-averaged density difference between 10503 and 10504 NIFS 

data. ) residual term (RES) defined as the minus the sum of terms. 

Based on the strong periodicity (i.e. annual cycle) of SSHA and 

WSCA, cyclostationary empirical orthogonal function (CSEOF) analysis (Eq. 

2.6) is applied with a nested period (d in Eq. 2.7) of 12 months to decompose 

representative spatial distribution of mean seasonal variation (CSEOF 

loading vector) and its temporal evolution (principal component time series) 

from the monthly time series of SSHA and WSCA field (Kim et al., 1997; 

Kim et al., 2001).  

     , ,n n
n

T r t CSLV r t PC t       (2.6) 

   , ,n nCSLV r t CSLV r t d         (2.7) 

Where r and t are position and time vector, respectively, and CSLVn is nth 

mode of CSEOF loading vector and PCn is the nth mode of principle 

component time series. 

Harmonic analysis is applied to extract annual cycle (365.25 days) 

(Dzwonkowski and Park, 2010). The form of mean and harmonic fitting from 

the data is as Eq. (2.2) where y is time series of data, y is a time mean value, 

A is an amplitude of annual cycle, ω is a target frequency ω=2π/(365.25 day) 

and ϕp is phase referenced on January 1st. 

c o s ( )py Ay t           (2.8) 
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2.2 Observations 

2.2.1 Hydrography 

Climatological monthly averaged temperature, salinity and potential 

density observed at the ESROB show strong seasonal signals as shown in 

Figure 2a, 2c, and 2e. T5 shows annual sinusoidal-shaped seasonal signal with 

its maximum in September (21.9 ºC) and minimum in February (10.1 ºC) 

which is mainly influenced by seasonal heating. As the depth increases, the 

sinusoidal-shaped seasonal signal becomes distorted. T20 is mainly affected 

by seasonal heating with its maximum in October (17.7 ºC) and minimum in 

May (9.6 ºC) but it shows slightly different pattern compared to T5. It has two 

depressions of temperature in May and August from annual cycle. In addition, 

it shows large standard deviation (STD) of temperature near and above 20m 

in summer (from June to September; see Figure 2b). T40 and T60 are not 

affected solely by seasonal heating because they show their maximum in 

December (13.3 and 10.7 ºC, respectively) and minimum in May (5.8 and 3.9 

ºC, respectively). They have double temperature minima in May and October. 

There is slightly warm water below 20m in summer and winter (November 

and February). In November, temperature below 20m increases with large (> 

3 ºC) STD at 40 and 60m. T130 shows double minima in April and October 

(1.6 and 1.5 ºC) with its maximum in January (2.9 ºC). Standard deviation of 

T130 shows its minima in May and October. Thus, the water temperature 

above 20m is mainly determined by seasonal heating and that in the 
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subsurface (below 20m) becomes warmer both in summer and winter in this 

region. 

 
Figure 2.5 Time-Depth plots of climatological (6-year) monthly mean and standard 
deviation of temperature (a), salinity (c), and surface referenced potential density (e) 
obtained from the ESROB with the standard deviations of them (b), (d), and (f) . 

 

Salinity over 34 occupies all over the water column from January to 

May with the highest salinity (> 34.2) at 5m in April, which originates from 

the TMW (Figure 2.5c and d). From June, salinity above 40m starts to 

decrease dramatically and shows its minimum in September at 5m which is 

due to the summertime precipitation and the freshwater discharge. During the 

period, STD of salinity is also large above 20m. Salinity deeper than 40m, 
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decreases below 34 from June to August. This subsurface low salinity water 

coincides with the subsurface warm water as mentioned in the previous 

paragraph. After September, salinity over entire water column increases. 

Especially, salinity below 40m becomes higher than 34 again. S130 shows 

double maxima in April and October which is out of phase with T130. 

Temporal variation of potential density (Figure 2.5e) is similar to that of 

temperature at large especially low density water in the subsurface. 

Water temperature and salinity observed at ESROB and offshore 

NIFS station (Station 10506, see Figure 2.3b) are generally consistent with 

properties of known water masses; TMW, TSW, and NKCW. High and low 

salinity warm waters observed at the upper 40 m of both locations from 

February to May (> 34.2) and from October to December (< 34.0) reflect the 

influence of the TMW and TSW originating from the Korea Strait while cold 

and fresh water observed at the lower depths is consistent with properties of 

NKCW from the north (Figures 2.5a and c).  

2.2.2 Alongshore current 

A vertical profile of long-term mean alongshore current shows that 

poleward (northwestward at the ESROB) current is confined above 80m 

depth with its maximum 4.8 ± 1.4 cm s-1 near 25m depth (in Figure 2.6b). In 

contrast, below 80m, the current flows equatorward (southeastward at the 

ESROB) in the form of counter current that is much weaker than the poleward 

current above 80m. Although the long-term mean current below 80m flows 
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equatorward, depth-averaged alongshore current is also poleward with 1.7 ± 

0.6 cm s-1.  

 
Figure 2.6 (a) Climatological (6-year) monthly mean of depth-averaged alongshore 
current (black line) and demeaned current (dark gray line) with the standard errors 
expressed as error bars and the standard deviation as shade in gray. (b) vertical profile 
of 6-year mean alongshore current with the standard error (error bar), the standard 
deviation (shade in bright gray), and annual harmonic amplitude (shade in dark gray). 
Time-Depth plots of climatological (6-year) monthly mean (c) and standard 
deviation (d) of alongshore current obtained from the ESROB. 

 

Seasonal variation of the alongshore current observed at ESROB is 

characterized by predominant poleward currents with current reversals from 

June to September (Figure 2.6a). The seasonal variations of alongshore 

currents are significant. The poleward currents dominate at the upper 80 m in 

non-summer seasons with maximum speed exceeding 10 cm s-1 at around 25 

m in March and October-December. The maximum speed of equatorward 

current exceeding 10 cm s-1 is observed at the upper 20 m in July. Below 80m, 

weak equatorward currents (< 5 cm s-1) with cold water (< 5 ˚C) prevails all 
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the year round, which is thought as the NKCC carrying the NKCW. Hence, 

the alongshore currents in non-summer seasons have a two-layer structure, 

similar to the observed features at 37˚N in May (Chang et al., 2002).  The 

summertime current reversal is also a robust feature when monthly-averaged 

currents for all six years are shown with climatological mean and geostrophic 

current in Figure 2.7. The depth-averaged alongshore currents also shows 

predominant poleward currents with a current reversal from June and 

September (Figure 2.6a). 

 
Figure 2.7 Monthly averaged vertical profiles of alongshore current with 
climatological monthly mean (blue dashed line) and geostrophic current estimated 
from the NIFS data (black dashed line). 

 

When the equatorward current is observed at ESROB in summer, 

offshore current and local wind are all poleward. The monthly-averaged 
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alongshore currents at UB2 are persistently poleward with double maxima in 

winter and summer, representing the strength of the poleward-flowing EKWC 

(Figure 2.8). Thus, alongshore currents at ESROB and UB2 are oppositely 

directed (equatorward and poleward respectively) in summer while the same 

in non-summer seasons.  

 
Figure 2.8 Climatological monthly averaged alongshore current at 30 m depth 
obtained from UB2 (red line) and ESROB(blue line). 

 

As compared with those of poleward currents, a remarkable difference 

in water properties carried by the summertime current reversal is both warmer 

and fresher water (saddle-shaped isotherms in summer in Figure 2.5a) below 

very fresh water at the upper 20 m of ESROB. In summer, whole water 

column shows salinity less than 34.0 at ESROB while not at the offshore 
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NIFS station, implying the influence of the low salinity and warm water of 

different origin from the north between ESROB and the NIFS station 10506 

which is about 64 km offshore from the coast (Figure 2.9). 

 
Figure 2.9 Climatological bimonthly averaged (NIFS) sigma-θ from 10504 (inshore) 
(a) and 10506 (offshore) (b). 

 

2.2.3 Wind 

Weak poleward winds are dominant in summer while strong 

equatorward winds prevail in winter (Figure 2.10). The results indicate that 

the coastal current reversal observed at ESROB in summer is driven by 
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neither offshore forcing nor by local wind. As seen in Figure 4c, major axis 

of annual harmonic ellipses of observed wind from the buoy stations are 

aligned in the northwest-southeast direction. Mean winds at both sites are 

northwesterly and they reverse the direction to southeasterly in summer which 

is opposite to the direction of the observed coastal current. Mean wind speed 

and amplitude of annual harmonic is larger at the KMA buoy and when it 

approaches to the coast, major axis of annual harmonic of wind is rotated 

counterclockwise. In the region, wintertime wind speed is much stronger than 

that in summer. Climatological monthly averaged wind speed observed at the 

ESROB (the KMA buoy) shows strong seasonal signal with its maximum of 

5.6 ± 0.3 m s-1 (7.2 ± 0.4 m s-1) equatorward in December and minimum of 

2.6 ± 0.2 m s-1 (4.2 ± 0.3 m s-1) poleward in July (June). This is mainly due to 

the strong winter monsoon. The annual amplitude of the KMA wind is larger 

than that of the ESROB. The large-amplitude of offshore wind variation can 

generate positive zonal gradient of meridional wind in summer (positive wind 

stress curl), and negative in winter (negative wind stress curl). The convexity 

of the coastline also affects wind stress curl near the coast. 
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Figure 2.10 Annual harmonic ellipses of wind data observed from the ESROB (blue 
line) and KMA (black line) with mean wind vectors. * denotes wind direction in the 
time of zero phase (January 1st). 

 

2.2.3 Sea level 

Climatological monthly averaged SLAs at four tide-gauge stations 

show strong seasonal signals (see Figure 2.11a). At four tide-gauge stations, 

annual cycles are evident in the SLAs with maxima in September and minima 

in March. Among the tide stations, the difference between maximum and 

minimum SLA is largest at Pohang and smallest at Mukho. At Pohang, SLA 

is highest among the stations and lowest at Mukho in September. The maxima 

peaks in September broaden as they go to north. As approaches to Sokcho, 

SLA increases sharply from June to July and rate of increase is declining until 
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September. Due to these reasons, SLA at Sokcho is higher than that at Mukho 

especially in July and August. 

 
Figure 2.11 (a) Climatological monthly averaged sea level anomalies at 4 tide gauge 
stations (Sokcho, Mukho, Hupo, and Pohang) and (b) differences of each stations 

SLA difference between Sokcho and Mukho also shows seasonal 

signal evidently (see Figure 2.11b). The difference is largest in August and 

smallest in January. We can see the secondary peak of the difference between 

Sokcho and Mukho in November. We do not have information about the 
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mean dynamic topography at each stations, these differences do not indicate 

actual sea level differences. However, we can see significant sea level 

changes in seasonal time scale and SLA difference between Sokcho and 

Mukho is reversed or, at least, decreased in summer. SLA difference between 

Mukho and Hupo has its maximum in July and minimum in January. Also it 

shows low value of SLA in September. Between Hupo and Pohang, SLA 

difference shows strong seasonal variation and out of phase relation with that 

between Sokcho and Mukho. It shows maximum in January and minimum in 

June. Standard errors of the Hupo-Pohang difference is relatively large. These 

imply that sea level south of the Hupo station may be influenced by the 

EKWC which occupies southern coastal area.  

 
2.3 Dynamics 

2.3.1 Depth-Averaged Momentum Balances 

The BTPG in Eq. (2.5) was estimated from the climatology of 

adjusted sea levels at SC and MH (Figure 2.1b, ~80 km apart). Since the 

absolute sea level difference between the two stations is not referenced, the 

BTPG only provides relative forcing. For this reason, other terms are also 

estimated for the relative value. The BCPG in Eq. (2.1) and Eq. (2.2) was 

computed from the anomalies of depth-averaged density gradient between 

two NIFS stations, 10503 and 10504 in the cross-shore direction (~9 km 

apart), and 10504 and 10702 in the alongshore direction (~ 80 km apart) 
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(see Figure 2.1b for NIFS stations). The surface wind stress is calculated 

using the W10m from ESROB as mentioned earlier. 

 
Figure 2.12 Climatological monthly mean of the terms in the depth-averaged 
alongshore and (b) cross-shore momentum equation. 

 

 

Estimates of each term in the alongshore momentum equation show 

that local acceleration and surface wind stress terms are negligibly small (one 

or two orders of magnitude smaller) compared to BTPG and BCPG (Figure 

2.12a). The CF term is minor except in April. Hence, the major alongshore 

momentum balance is achieved between BTPG, BCPG, and RESy. The BTPG 

is out-of-phased with BCPG and RESy, i.e. negative BCPG (lower density 

poleward) and positive BTPG (higher sea level poleward) in summer. Then 

the total alongshore pressure gradient sets the equatorward forcing in summer 

and vice versa in the non-summer seasons. The seasonal variation of V shown 

in Figure 2.6a follows the RESy term in Figure 2.12a, indicative of the 

frictionally-balanced equatorward coastal currents driven by alongshore 

pressure gradient forcing in summer and poleward in other seasons.  
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In the cross-shore direction, the momentum balance is dominated by 

BCPG, CF, and RESx while BTPG term cannot be estimated directly from the 

observations (Figure 2.12b). The BCPG (high density offshore) and CF terms 

are positive, and the RESx term is reasonably thought to represent primarily 

the cross-shore BTPG, hence a geostrophic balance. The presumed cross-

shore geostrophy is consistent with the observed thermal wind balance in the 

region (inshore of the ESROB; Cho et al., 2014).  

2.3.2 Relationship among the wind stress curl, alongshore pressure 

gradient, and alonghsore current 

The negative alongshore BCPG in summer indicates depth-averaged 

density decreasing poleward. Such alongshore density gradient together with 

the equatorward current suggests that the low salinity warm water of new 

origin observed at ESROB is carried from the northern coast. Space-time plot 

of monthly climatologies of salinity from 35˚N (Line 901) to 42˚N (Line 201) 

from the CFRS data (Figure 2.13) at 50 m shows the prevalence of low (< 

34.0) salinity water poleward of ESROB (north of 601 line) in all seasons. On 

the other hand, salinity less than 34.0 is only found south of Line 701 located 

at around 36N in summer and fall, and this low-salinity water is regarded as 

the TSW carried by the EKWC. Space-time plot of monthly climatologies of 

the temperature from the CFRS data show that the strong alongshore 

temperature gradient in winter which is decreased in summer (Figure 2.14). 

These results indicate the strong pressure gradient generated in winter along 
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the coast due to the wintertime cooling decrease by summertime heating over 

the basin accompanied with the low salinity water in the north. The CFRS 

data clearly shows that the low-salinity warm water observed at ESROB in 

summer (Figures 2.5a and c) originates from the coast north of ESROB. A 

rapid coastal survey conducted on July 30th, 2013 supports the equatorward 

intrusion of a narrow (~10 km) wedge-type warm (> 26.0˚C) and low-salinity 

(< 30.0) water (Figure 2.15), which was concurrent with equatorward currents 

at ESROB.  

 
Figure 2.13 Climatological monthly mean salinity of CFRS data along and near (<20 
km) the coast at each depth. 
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Figure 2.14 Climatological monthly mean temperature of CFRS data along and near 
(<20 km)  the coast at each depth 

 
Figure 2.15 Horizontal distributions of surface temperature (contour) and salinity 
(color) from a rapid survey on 30 July 2013. Locations of ESROB and tide gauge 
stations SC and MH are shown. 
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The equatorward reversal of coastal current carrying low-salinity 

warm water into the ESROB is driven by alongshore pressure gradient which 

can be set up by wind curl gradient (Oey, 1999; Dong and Oey, 2005). To 

investigate whether this forcing accounts for the observed summertime 

current reversal, the altimetry-based SSH anomaly (SSHA) and wind curl 

anomaly (WSCA) from MERRA wind data are examined using the CSEOF 

analysis. Figure 2.16 shows spatial distribution of the 1st CSEOF modes of 

SSHA (color) and WSCA (contour) From January to December. To examine 

the contrast of the WSCA and SSHA distribution between winter and summer, 

CSEOF of January and July are compared (Fig. 2.17).  Both represent their 

seasonal patterns explaining 59.7 and 61.1 % of total variance in SSHA and 

WSCA, respectively. In July, an alongshore-elongated SSH depression 

(SSHA < 0) occurs in the vicinity of ESROB (between 37.5 ˚N and 39.5 ˚N), 

which coincides well with positive WSCA (Figure 2.17 right). The positive 

WCSA in summer arises from the spatial difference in the strength of 

southerly winds between onshore and offshore regions (Nam et al., 2005b) 

(Figure 2.10). In contrast, positive SSHA and negative WSCA characterize 

the EKB region in summer. Similar patterns are also seen from June to 

September. In January, the spatial patterns of both SSHA and WSCA are 

opposite to those in July (Figure 2.17 left). 
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Figure 2.16 Loading vectors of the first CSEOF mode of sea surface height 
anomalies (color) and that of regressed wind stress curl anomalies (line) in the east 
coast of Korea. Red (blue) line denotes positive (negative) value with 5 10-8 N m-3 
interval. SSHA differences and WSCA differences are estimated over the gray lines 
which are representative of the EKB (39.5 ºN) and the ESROB region (37.5 ºN). 

 

The relationship between the WSCA and SSHA is quantified by 

following derivation. Depth-averaged density changes due to the vertical 

motion can be expressed as 

.
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The vertical velocity in Eq. (2.9) can be interpreted as being the 

vertical mass flux in the geostrophic interior layer produced by the wind–

driven Ekman pumping (Pedlosky, 2013). Then the vertical velocity (w) on 

the f-plane can be written,  
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Substituting Eq. (2.10) into Eq. (2.9), we can get 
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Taking time integration and y-derivative on Eq. (2.11) yields 
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The alongshore density gradient on the left hand side of (2.12) can be 

converted to the sea level difference in the alongshore direction as follows. 

From the hydrostatic equation,  

0

( ) 0 .z z
g zp gd            (2.13) 

For simplicity, the density in the second term on the right is replaced 

by depth-averaged density ρda and then the depth-averaged pressure becomes, 
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Taking y-derivative yields the depth-averaged alongshore pressure 

gradient, 
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The first and second terms on the right represent the barotropic (BTPG) 

and baroclinic (BCPG) pressure gradients. BTPG and BCPG are computed as 

is introduced in the text. The comparison between BTPG and BCPG yields a 

significant negative correlation (r2=0.94), which enables us to write the 

alongshore density gradient in terms of the sea level difference, 

02
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where n is the ratio between BCPG and BTPG. If BCPG and BTPG 

balance exactly at the bottom, n = -0.5. In our case, n= -0.36. 

Substitute Eq.(2.16) to Eq.(2.12) and assume {N2}da is constant 

everywhere (in our case, 
2{ }daN

y
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 is one order of magnitude smaller 

than 2{ }
cu

y
N

rl


), we can get the relationship between sea level gradient 

and wind curl gradient. 
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From the major alongshore momentum balance between the pressure 

gradient and residual (lateral friction) terms, 
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Then from Eq.(2.17) and Eq.(2.18), the depth-averaged alongshore 

current induced by the wind curl gradient can be written,  
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We attempt below to quantify how much the wind curl gradient 

forcing accounts for the observed alongshore currents. The WSCA-driven 

meridional SSHA difference (ηWSC) between the EKB and ESROB are 

calculated using Eq. (2.17), and compared with the alongshore SSHA 

difference between the two locations in Figure 4a from the 1st CSEOF mode 

of the SSHA and the WSCA (Figure 4b left). where N is buoyancy frequency 

calculated from observed temperature an salinity at ESROB and curlτ is wind 

curl.  



 

 ４１

 
Figure 2.17 Spatial patterns of the first CSEOF mode of SSHA (color), WSCA (line; 
with a unit of × 10-8 N m-3) and wind (vectors) in January (left) and July (right). The 
green circle denotes the location of ESROB. 

 

The WSCA-driven alongshore currents (VWSC) can also be calculated 

using Eq. (2.19). The RESy is the lateral friction term (Laplacian) and 

assumed to have the form as RfV for a concave-type horizontal current shape 

looking downstream. The frictional coefficient Rf (~2.310-5 s-1) is 

determined by minimizing root mean square of the difference between RESy 

and RfV. where n (= -0.36) is the ratio between BCPG and BTPG determined 

from the regression of the two terms. 

The alongshore difference of ηWSC is highly correlated with the 

observed alongshore SSHA difference (r2 = 0.92; r: correlation coefficient) 
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(Figure 2.18, left). The alongshore difference of ηWSC indicates stronger 

equatorward pressure gradient force in summer. The VWSC are significantly 

correlated (r2 = 0.54) with the observed alongshore current anomalies with 

strong equatorward currents in summer (Figure 2.18, right). The regression 

slope indicates that the gradient of ηWSC (VWSC) accounts for 60% (45%) of 

the observed SSHA gradient (alongshore current anomalies). Note that the 

lower percentage of the alongshore current is partly due to the mismatch of 

location between ESROB and the position where the alongshore pressure 

gradient is calculated (center between EKB and ESROB).  

 
Figure 2.18 Scatterplots of observed (x axis) and calculated wind curl induced (y 
axis) (left panel) alongshore SSHA differences between 39.5°N and 37.5°N (dark-
gray lines in Figure 2.17) and (right panel) depth-averaged alongshore velocity 
anomalies at ESROB. The observed SSHA and WSCA are extracted from their 
respective first CSEOF mode loading vectors in each month. Linear regression lines 
(black dashed lines) with 95% confidence intervals (gray dashed lines) are also 
shown together with regression slopes (m) and r2 
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2.4 Discussion 

2.4.1 Limitations of momentum analysis 

The RESy term comprises both bottom stress and lateral friction terms 

as well as calculation errors. An estimate of the bottom stress using a 

quadratic drag law based on observed bottom velocity at ESROB and 

canonical drag coefficient of 10-3 s-1 (Csanady, 1982; Grant et al., 1984; 

Lentz, 2008) yields two orders of magnitude smaller than other dominant 

terms. The bottom stress term does not substantially change the mean balance 

even a factor of 10 increase in the drag coefficient. This implies the lateral 

(rather than bottom) friction can balance the total alongshore pressure 

gradient (BTPG+BCPG). The presumed balance between the alongshore 

pressure gradient and lateral friction (AH 2v/x2) enables an estimate of the 

horizontal eddy viscosity (AH) of approximately 1470 m2s-1 with horizontal 

length scale of 8 km (distance between the coast and ESROB) and the 

alongshore velocity scale of 0.1 m s-1, which is an acceptable value. 

There must be non-linear advection terms in the residual and 

according to Schaeffer et al., (2015), non-linear terms do play important roles 

in the western boundary region. Order of magnitude of nonlinear terms can 

be estimated by scale analysis. As a result, f and R are one order of magnitude 

larger than the derivative part of the nonlinear terms 
dav

x




~ O(10-6) s-1 ( 5cm 
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s-1 over 8km) and 
dav

y




~ O(10-6) s-1  (10cm s-1 over 100km) in seasonal 

time-scale. Thus, we assume that the non-linear effect is not important in this 

study and it supports linearization of the momentum equations. 

The mean state of alongshore current and the related forces are not 

considered in this study. Because we cannot obtain the absolute difference of 

mean sea level between Sokcho and Mukho from the tide gauge data, the 

long-term mean SSH data from AVISO are used to estimate the mean sea 

level difference: 3.2 cm higher in Mukho. This mean difference exceeds the 

range of the seasonal variation of sea level difference (±2 cm) which means 

that the sea surface gradient is not reversed even in summer; just decreasing 

of poleward pressure gradient. With Rf defined in the previous section, mean 

alongshore current would be 14 cm s-1 by the mean sea level difference. 

However, the observed mean alongshore current is 1.7 cm s-1. Because the 

satellite altimetry data has some uncertainty on in the coastal region 

(Saraceno et al, 2008), the mean sea level difference between the Mukho and 

Sokcho estimated from the AVISO might contain significant uncertainty to 

represent alongshore pressure gradient near the coast. Without the mean sea 

level diffrence, the seasonal variation of alognshore baroclinic pressure 

gradient is closely related to that of the alongshore barotropic pressure 

gradient both quantitatively and in qualitatively. The baroclinic pressure 

gradient changes is sign during summer even in the case of the mean value 

included. This could be a clue that the mean sea level difference is not large 
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so that the barotopic pressure gradient change its sign. Due to the lack of data, 

such as hydrography and river discharage around the northern coast (e.g. East 

Korea Bay), the influence of low salinity water or river plume, which can 

affect the sea level difference, on the equatorward coastal current are not 

adequately investigated. At the moment, we cannot explain why the 

discrepancy between the observed mean current and the current estimated 

from the momentum balance including mean value occurs although the 

seasonal variation of alongshore pressure gradient and alongshore current are 

interpreted as responses of the alongshore gradient of wind stress curl. The 

mean state of alongshore current and the related forces should be investigated 

in the future.  

According to Cho et al. (2014), alongshore current in this region is 

basically geostrophic. However, we do not have cross-shore sea level gradient 

data to estimate BTPGx. In cross-shore momentum equation, we regard that 

BTPGx mainly explains the residual because other terms we estimated are all 

negligible. The amplitude of BTPGx is larger than that of BCPGx with 

opposite sign and the difference between them is balanced with Coriolis force. 

There is a positive (negative) cross-shore density gradient and negative sea 

surface gradient with an equatorward (a poleward) current in summer (winter) 

which means alongshore current is in geostrophy. Therefore, we can conclude 

that the alongshore current reversal in summer is affected by the change of 

alongshore pressure gradient and it is basically geostrophic.  
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2.4.2 Coastally trapped low sainity water 

It is widely known that the summertime low salinity water at the 

surface in the East Sea comes from the Changjian river through the Korea 

Strait. However, some studies noted that the other source of the surface low 

salinity warter is located in the north. Seung (1988) tried to reveal the impact 

of low salinity warter discharged at the EKB on the EKWC separation and 

Yoon and Kim (2009) conducted extra-fine scale numerical model to simulate 

the influence of low salinity water which originates from the Tatar Strait and 

from the EKB by applying observed surface salinity distribution as a 

boundary condition. In the CFRS data, it is evident that the summertime low 

salinity water along the coast expands equatorward from the EKB which 

comes earlier than the poleward advection of low salinity water from the 

Korea Strait (see Figure 2.13 and Figure 2.19). Jeong et al. (2013) also 

revealed that the summertime low salinity surface water near the coastal 

region originates from the north which is named as the North Korea Low 

Salinity Surface Water using surface salinity data obtained from instrumented 

ferry and surface current derived from AVISO SSH data. Thus we should 

consider that the emergence of low salinity water near the surface in summer, 

especially near the mid-east coast of Korea, comes not only from the south, 

but also from the north. 
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Figure 2.19 Alongshore sections of climatological monthly mean salinity from CFRS 
data. ESROB is located between 5 and 6 lines. 

The coastally trapped warm and fresh water, named as North Korea 

Surface Water (NKSW) can be defined by temperature and salinity range 

which is distinguished from the watermassed of well-known boundary current, 

i.e., TSW, TMW, and NKCW. Using NIFS data along the 105 line, the 

NKSW carried by the summertime equatorward current can be define as T > 

5°C and 33 < S < 34 (Figure 2.20).  
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Figure 2.20 Cross-sections of the major water masses occurrence probability in 
summer (June and August) along the NIFS 105 line from 2000 to 2015. 

The NKSW, observed at the ESROB in summer seems to be supplied 

from the EKB not only by local seasonal heating. Because the EKB is one of 

the largest shelf area in the East Sea, there may be a chance to have a vertical 

mixing over the EKB which can help solar energy to be transported through 

the water column. From the NIFS data Detailed processes about the 

subsurface warm temperature near the coast are left for future work. 

 

2.4.3 Extent of summertime equatorward current 

The NKSW is confined near the coast. At the offshore station (10506; 

50km off the coast), the seasonal variation of the subsurface density is 

determined by wind stress curl (see Figure 2.9a and c; see σθ>27 kg m-3 which 

is representative of the NKCW) as metioned in a previous section such as the 
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result of Murphree et al. (2003). Uplifting of subsurface isopycnals coincides 

with positive wind stress curl in summer. These result impies that the 

development of the NKCW in summer is affected by positive wind stress curl 

in summer. However, at the onshore station (10504; 12km off the coast), there 

is subsurface low density water in summer (see Figure 2.9a), which is similar 

to that at the ESROB (see Figure 2.5c). Zonal distributions of isopycnal depth 

are supportive of this variation. From NIFS 103 to 107 lines, offshore (>40km) 

isopycnal (σθ =27 kg m-3) depths are shallowest in August(not shown). 

Onshore (<40km) isotherm depths, however, deepest in August especially in 

nothern line (106 and 107 line). The emergence of the onshore low density 

water below 20 m in summer is mainly due to the advection process. From 

the alongshore section of salinity (Figure 2.19), summertime equatorward 

expansion of low salinity water from north in the subsurface layer is evidently 

seen while high salinity water (TWW) occupies at the subsurface in the 

southern region. Previous observations revealed that the width of the 

equatorward current is about 20-40 km (Lie, 1983; Lie and Byun., 1985) and 

a numerical model result (Yoon and Kim, 2009) also suggested that the 

coastal jet due to the low salinity water confined 10-20 km which is rather 

narrow but comparable to previous results. Jeong et al. (2013) reported that 

the surface low salinity water extends 110km off the coast but they concerned 

only about the surface water whose motion is vulnerable to the wind stress. 

Thus, the subsurface low density water is confined coastal region (< 40 km) 

and it appears along with summertime equatorward current. 
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The alongshore scales of the equatorward current are investigated 

using AVISO-based SSH data. In Figure 2.21, poleward current occupies 

over the southern part and equatorward current over the northern part along 

the northern and western boundaries of the East Sea. There are 4 cores of 

equatorward current along the boundary; the strongest one is located between 

the EKB and the ESROB and the others are off the Chungjin, southwest off 

the Vladivostok, and off Primorye coast. Equatorward current off Primorye 

coast is known as the LCC. Summertime intensification of equatorward 

current all along the North Korean coast is obvious but there is strong seasonal 

variation of currents (i.e. current reversal) only in the south of the EKB, the 

mid-east coast of Korea. The equatorward current flow extents to near 

Jukbyun in August. Consistantly, CFRS data show that the coastally trapped 

low density water is observed at the north of Jukbyun (601 line; not shown). 

The seasonal variation of alongshore component of SSH-derived geostrophic 

current is similar to that of alongshore current obtained from the ESROB both 

qualitatively and quantitatively although SSH data are generally known that 

it is not accurate near (25-50 km) the coast (Saraceno et al. 2008). It is 

convincing that equatorward current flows until it gets to, at least, Jukbyun in 

summer. 
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Figure 2.21 A time-distance plot of climatological (19-year) monthly and 3 points 
(from the coast) averaged SSH data-based geostrophic alongshore surface current 
along the coast of Russia and Korea (a), and data point with distance (in kilometer) 
from southernmost point (36.25°N, 127.75°E) (b). Black dashed line in (a) indicates 
the location of the ESROB. 

 

2.4.4 Others 

Conventionally, the NKCC indicates equatorward current along the 

east coast of Korea. From observed data, however, we can see the vertical 

structure of current with strong seasonal cycle above 80m (near-surface) and 

weak seasonal cycle below 80m (subsurface) as mentioned in the previous 

section. The surface-intensified equatorward current carries warm and fresh 

water from the north in summer, which is distinguished from the NKCW 

occupying 100-150km from the coast (Yun et al., 2004). From the ESROB, 

the subsurface equatorward current which is in temperature and salinity range 
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of the NKCW is developed from May to July and November to January. 

These results denote that the subsurface current carrying the NKCW is not 

exactly covariant with the surface-intensified summertime equatorward 

current. Previous studies muddled the two currents in the name of the NKCC. 

Some studies regard that the NKCC is the current which carries the NKCW 

and others use it to indicate equatorward coastal current regardless of water 

properties. This brings ambiguity to interpret the characteristics of current 

with water properties. Thus, we suggest that the conventional NKCC should 

be subdivided into two current with accompanied water properties: near-

surface equatorward current as the North Korea Surface Current (NKSC) and 

the equatorward current carrying the NKCW as the North Korea Cold Current. 

The relation between these two current should be investigated in the future. 

Seasonal variation of temperature cannot be explained solely by 

seasonal heating and cooling processes as mentioned in section 2.2.1. The 

large standard deviation (STD) of temperature above 20m in summer (see 

Figure 2.5b) is probably due to the intermittent summertime wind-driven 

coastal upwelling in this region (Park et al., 2010; Yoo and Park, 2009). 

Temperature increase with large (> 3 ºC) STD below 20m in winter is an 

influence of the EKWC and also, possibly, an onset of the vertical mixing by 

the strong Asian winter monsoon (Nam et al., 2005b) with weakening of 

stratification by seasonal cooling process.  
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The summertime reversal of alongshore current is well explained by 

the pressure gradient force. The weakening of poleward current in November 

is also affected by alongshore pressure gradient. As seen in Figure 2.12a, 

poleward pressure gradient force is reduced in November between Sokcho 

and Hupo. However, it cannot explain the weakening of poleward current in 

January. Although the winter monsoon (northwesterly wind) is stronggest in 

winter, its magnitude is smaller than the other major terms. The current above 

80m flows poleward but the equatorward current below 80m develops also in 

January. Thus, the depth-averaged current becomes nearly zero. Furthermore, 

Fukudome et al. (2010) reported that the volume transport in the Korea Strait, 

especially through the western channel, shows stable seasonal variation and 

minimum transport toward the East Sea in January. It could be a possible 

explanation that the weakening of the poleward current in January is due to 

the decrease in the volume transport through the Korea Strait. 

Limitations of this study are as follows. Eddy-driven strong onshore 

currents in 2010, for example, affect the climatological monthly mean value 

in April. In quantitative comparisons among the momentums, especially in 

the BCPG term, the imparities of acquisition periods and sampling intervals 

among the data sets may induce errors. However, annual cycle of density 

gradient show consistent result within their error interval regardless of the 

periods. Despite the fact that SSH and MERRA wind data are comparable to 

observed data, they also may contain errors near the coastal region. We cannot 
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describe mean state of momentums because the mean dynamic topography 

among the tide gauge stations are not known. In climatological monthly 

averaged BCPG follows annual cycle, but it shows the largest peak in October. 

It is, possibly, caused by development of the EKWC and enhancement of 

meridional temperature gradient around the subpolar front in fall. Non-linear 

term may play important roles in the momentum balance because the east 

coast of Korea is western boundary region. Spatially fine observations such 

as repeat glider deployment (Schaeffer et al, 2015) or adjacent moorings are 

needed for the accurate estimation of the non-linear terms. 

The impact of wind stress curl have been reported that it is one of a 

major forcing to form the subpolar front (Seung, 1992 and Kim and Yoon, 

1996) by lifting up the isopycnals in the East Sea. It has been mentioned that 

uplifting of the off-shore subsurface isopycnals coincide with positive wind 

stress curl in this study. This implies the possibility of development of the 

NKCW associated with wind stress curl in summer. Trusenkova et al., (2009) 

also reported that southward expansion of SSH depression in the northern part 

of the East Sea coincides with the cyclonic wind-stress curl over the East Sea. 

Moreover, Hogan and Hurlburt (2005) mentioned that the suppression of 

northward shooting of EKWC can be explained by localized positive wind 

stress curl. These results are physically consistent with that from Aguirre et 

al (2012) which suggested that the separation of the alongshore coastal jet off 

the Central Chile coast is determined by wind stress curl. Our study also 
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implies that the wind stress curl near the coastal region can generate the 

alongshore current and it can affect the path of the EKWC and its separation 

point as well as the equatorward current itself. 
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3. Interannual variation of summer mean surface alongshore 

current off the east coast of Korea 

3.1 Data and method 

The long-term time series data have been collected using a surface 

mooring, named the East Sea Real-time Ocean Buoy (ESROB), located 8 km 

off the mid-coast of Korea (37° 32.24’ N, 129° 12.92’ E) in a water depth of 

130 m since 1999 (Nam et al., 2005a, Park et al., 2016) (see Figure 3.1a and 

b). A down-looking acoustic Doppler current profiler (ADCP, TRDI 

Workhorse 300 kHz) is attached to the ESROB which measures a full depth 

profile of currents every 10 minutes with a depth cell size of 4 or 5 m, and 

five conductivity-temperature-depth (CTD, Seabird 37 IM) sensors are also 

attached to the ESROB at four nominal depths of 5, 20, 40, and 60 m, and 

bottom-most depth (90, 100, 110 or 130 m) with the sampling time interval 

of 10 minutes. Speed and direction of the wind are measured at 3.4 m above 

the sea surface. Here, we used the data collected for 16 years from 2000 to 

2015. 
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Figure 3.1 (a) The ESROB station (red circle) superimposed on schematic paths of 
the WBCs, the EKWC (red shade) and the NKCC (blue shade) off the east coast of 
Korea based on Park et al. (2013). Location of the EKB, the Korea strait, and selected 
zonal line of Aviso data (37° 37.5’N, 129° 22.5’-130° 52.5’E) are shown. (b) the 
black box region is expanded. Location of NIFS coastal stations (black crosses; along 
37° 33.2’N line), the selected zonal line of Aviso data, and the ESROB are displayed 
with the mean ADT from Aviso in the background. The orientation of the coordinate 
systems for currents (u, v) off the east coast of Korea is shown. (c) The cross-section 
of summer mean (June-September during 2000-2015) temperature (black lines) and 
salinity (color with white dashed contour lines) along the selected NIFS station. 

To supplement the ESROB measurements at a single horizontal point, 

we used hydrographic data collected bimonthly near and off the coast 

(following a zonal line along 37° 33.20’ N across the ESROB station, crosses 

in Fig. 1b) for the 16 years (2000-2015), and satellite altimetry-derived daily 

absolute dynamic topography (ADT) data at the corresponding zonal line 

(along 37° 37.5’ N with spatial resolution 0.25°, dashed in Fig. 1b). Hourly 

wind stress data at locations along the Russian and Korean coasts (red dots in 
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Fig.1a) were used, which are available from Modern-Era Retrospective 

Analysis for Research and Applications, version 2 (MERRA-2) with spatial 

resolution 0.5° × 2/3° (latitude × longitude) (Gelaro et al., 2017). 

All the ESROB data were bin-averaged over an hour with the gaps of 

24 hours or less linearly interpolated after the along- ( obsv ) and cross-shore 

components of the horizontal current and wind observed at the ESROB were 

defined as the components in the direction oriented 30° counterclockwise 

from the north (positive poleward). A low-pass filter (5th order Butterworth) 

with a cutoff period of 40 hours was applied to all the time-series data 

(ESROB and MERRA-2) to remove the high frequency fluctuations. The 

current velocity observed at the uppermost depth bin (5 or 6 m) of the ADCP 

was used to represent the surface current. Wind stress was estimated from 

wind measurements using a neutral bulk formula (Large and Pond, 1981).  

To investigate the interannual variation, variables were first averaged 

over month for the continuous hourly data length longer than 15 days in each 

month and then averaged over summer season (from June to September, 

JJAS). The monthly and seasonal climatology are estimated from the hourly 

data. The anomaly of summer mean obsv  ( ôbsv ) for each year was calculated 

by subtracting the climatological summer mean over the 16 years. Standard 

error of the mean (STE) value estimated following σ/ 𝑁  where σ is the 

standard deviation of the variables and Neff is defined as, 
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      eff

total length of time series

doubled e folding time lag of the autocorrel
N

ation


     (3.1) 

(Leith, 1973). The 95 % significance level for the correlation 

coefficient (R) was estimated following t-test (Emery and Thomson, 2001). 

Multiple regression analysis was implemented on to ôbsv  with normalized 

predictor variables. A neutral regression (Garrett and Petrie, 1981; Kirincich 

et al., 2005) was conducted for a regression coefficient (α) defined as 

α=(σ2
target /σ σ2

pridictor)1/2 where σ2
target and σ2

pridictor are the variances of target 

and predictor variables, respectively. 

 

3.2 Wind-driven models and EKWC index 

A simple model for local wind-forced currents (LW model) 

considering the upwelling/downwelling dynamics was applied to compare 

with obsv . The model estimates geostrophic surface current ( LWv ) 

considering the cross-shore density gradient induced by crossshore Ekman 

transport (i.e. upwelling or downwelling jet) in the assumption of one-and-a-

half layered ocean (see Figure 3.2). The local wind-forced alongshore 

currents estimated by the LW model ( ) suggested as below. LWv
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Figure 3.2 Schematics of upwelling (a) and downwelling (b) in the one-and-a-half layer 
model. ρo (upper layer density), ρδs (lower layer density), ρin (inshore density from the front), 
and Uo (crossshore transport) are shown and wδs indicates vertical velocity induced by the 
upwelling or downwelling favorable wind 

 

We, here, consider the one-and-a-half-layer model. From the 

vertically integrated form of 2-D continuity equation, we can get the vertical 

velocity induced by the crossshore transport. 
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Eq.(3.4) can be rewritten in a discrete form, 

o c oU UU

x x x

U
  

  , (3.5)  where 0cU  ; no crossshore transport at the 

coast. 

From Eq.(3.4) and (3.5), we can get 
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.  (3.6) 

Consider the cross-shore transport as Ekman transport .
sy
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From density equation,  
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we can get the density change due to the wind-driven coastal upwelling or 

downwelling.  

s

s

o
in o

s

dw t


 
 




  
. (3.9) 

From the thermal wind relationship, 
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From eq. (3.9) and (3.6) 
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From eq. (3.7), (3.10), (3.11), and (3.12), we can get the local wind-driven 

current 
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Eq. (3.13) can be written as 
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and assume N as a constant value, 

2

2 2
sys

LW

N
dt

f x
v

 
  

. (3.15) 

Time integral form as an analogy of Austin and Barth (2002) is shown below. 
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For simplicity, we can express Eq.3.16 as below 
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where 
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Here, ρ (= 1025 kg m s-3) is a reference density, N is buoyancy 

frequency between 5 and 20 m depth (= 0.037 s-1; corresponding to 2.8 minute 

per cycle), f is Coriolis parameter at 37.5° N, δs (= 20 m) is the upper layer 

thickness, Δx (~6.5 km) is the horizontal scale of density changes (i.e. first 

baroclinic Rossby radius of deformation), and τsy is 40 hours low-pass filtered 

alongshore wind stress. Exponentially decaying wind stress at given time 

scale (T) is considered for the time integration (Austin and Barth, 2002). T 

denotes a decaying timescale (or adjustment timescale) for an event of a 

weighted running mean of the wind stress which is optimized to 24 hours here 

to yield the highest correlation between WT and obsv . The LW  is compared 

to the neutral regression coefficient obs  (
2 2 1/2( / )
obs Tv W  ) for each year 

which is discussed with the uncertainty of the LW model in Section 4. 

To include the effects of remote wind forcing which are not 

incorporated to the LW model, a wind-forced coastal trapped wave (CTW) 

model was applied to shelf and slope areas along the Russian and Korean 
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coasts and the results were compared with observations. The perturbation of 

pressure field P is defined as ( , , z, t) (x, z) ( , t)nn
P x dd F  : crossshore (x) 

and vertical (z) coordinates, alongshore distance (d) from the northern-most 

location (43° 7.5’N, 134° 51.0’E see red dots in Figure 3.1a), and the time (t) 

(Battisti and Hickey, 1984). Fn are the nth mode of non-dimensional modal 

structure of the CTW and ϕn are the amplitude. The amplitude can be 

expressed as below, 

1 1

0 0 0
( , ) (0, )exp( ) ( ) exp( , ') ' ,( )

d d d d dsy
nn n n nd t t c d a d b t c d a d d

 
                   

(3.20) 

where cn, an, and bn are the nth mode phase speed, frictional decaying 

coefficient, and wind coupling coefficient of CTWs, respectively. The first 

term on the right hand side of the equation represents the boundary condition 

at the northern-most point (d = 0; 43° 7.5’N, 135° 51.0’E). The second term 

indicates the response amplitudes of the CTWs to the past wind along the 

coast with damping along the coast. Here, only first mode CTWs playing a 

dominant role in observed variance is concerned and the summer mean c1, a1, 

and b1 presented in Cho et al (2014) are used; They showed that there is no 

significant difference between the linear combination of the first, second, and 

third mode case and the first mode only case. Alongshore geostrophic velocity 

driven by CTWs ( CTWv ) is estimated from the amplitude of pressure 

perturbation ( 1/( )CTWv f x   ).  
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The impact of the offshore pressure forcing due to the EKWC 

variability on ôbsv  was quantified with the EKWC Index (EI). How much 

the poleward momentum associated with the EKWC exerts on ôbsv  is 

estimated using the EI, defined as EI ≡ vmax exp(-r/Δx), with two parameters: 

crossshore distance (r) in km of the EKWC core from the ESROB and the 

core speed (vmax) in cm s-1 of the EKWC (i.e. the closer and stronger EKWC 

is, the more poleward or less equatorward momentum exerts on obsv ). Both 

vmax and r were obtained from the ADT-derived surface geostrophic current 

fields, and the summer mean EI was used here to compare the interannual 

anomalies of the summer mean alongshore current, ôbsv . 

 

3.3 Observations 

Monthly climatology of obsv  shows equatorward and poleward 

alongshore currents in summer and non-summer seasons (JJAS vs other 

months), respectively (Figure 3.3a). The poleward currents decrease from 

March (8.8 ± 1.5 cm s-1; mean ± STE) to May (3.7 ± 1.8 cm s-1), reverse 

equatorward in June (-2.7 ± 1.4 cm s-1), persist until September with the 

maximum magnitude in July (-9.6 ± 2.6 cm s-1), and turn back poleward from 

October (5.7 ± 2.1 cm s-1). The standard deviation of the monthly mean obsv  

time series during 16 years summer (8.1 cm s-1) exceeding the magnitude of 
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climatological summer mean of obsv  (6.1 ± 1.0  cm s-1) indicates that there 

is significant interannual variations on the equatorward current. 

 
Figure 3.3 (a) Climatological (2000-2015) monthly mean of the alongshore surface 
current (black line) obtained from the ESROB and its standard error (errorbar). (b) 
Anomalies of the summer mean alongshore surface current for each year (positive 
anomalies: blue; negative anomalies: red) and its standard error (errorbar). The ‘x’ 
in 2005 denotes that there is no available current data. 
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Indeed, the ôbsv  significantly varies among years (Figure 3.3b). The 

difference between maximum and minimum of ôbsv  (20.3 cm s-1) is 

comparable to that of the monthly climatology of obsv  (18.4 cm s-1). The 

maximum positive (poleward) value of ôbsv  in 2001 (7.1 ± 5.1 cm s-1) 

changes dramatically in 2002 to the maximum negative (equatorward) value 

(-13.2 ± 6.8 cm s-1). From 2002, the anomalies are negative until 2006 (-3.3 

± 1.8 cm s-1) and then, positive anomalies are continued with speed of 2.3 cm 

s-1 or higher from 2007 to 2010 with the anomalies significantly different 

from zero in 2009 (2.8 ± 1.9 cm s-1) and 2010 (4.2 ± 3.2 cm s-1). Another 

negative and positive peaks exist in 2012 (-4.7 ± 2.8 cm s-1) and 2014 (3.1 ± 

2.1 cm s-1) respectively.  

 

3.4 Dynamics 

3.4.1 Alongshore currents affected by the local wind and CTW 

 The LWv explains the observed episodes of obsv  significantly for 

typical durations of 2-16 days in summer. The ratio of obs  to LW  is more 

or less than unity with the mean value of 0.93, indicative of goodness of the 

LW model fit to the observed episodic obsv  (Fig. 5). The episodic events 

between obsv  and LWv  are significantly correlated (Fig 6a), except two 
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years of 2006 and 2014, with the highest correlation coefficient (R=0.82 with 

p-value: 0.0001) in 2002 (Table 1), e.g., see strong equatorward wind events 

with four equatorward peaks from July to August in 2002; two peaks in 

August, 2004; two peaks in mid-July and early September in 2011; a peak in 

mid-September in 2012. In spite of the relatively good agreement between 

LWv  and obsv  for the episodic events, however, the interannual variation of 

summer mean LWv  is not significantly correlated to that of ôbsv  (R = 0.29 

with p-value: 0.14; Fig. 6b). Thus, the interannual variation of obsv  is mainly 

driven by other forcing than the local wind stress. 

 

Figure 3.4 Time series of the ratio of obs
 to LW

 for each year. The dashed line 
denotes unity. 

 

The CTW model results reveal that interannual variations of ôbsv  are 

primarily explained by the equatorward propagating CTWs along the Russian 

and Korean coasts. In contrast to the LW model, the episodic CTWv  are only 
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weakly or insignificantly correlated to obsv  with R = 0.47 (p-value: 0.0045) 

at the most in 2003 (Table 1). However, the interannual variation of summer 

mean CTWv  is significantly correlated to ôbsv  (R = 0.71, p-value: 0.0016; 

Fig. 6b) accounting for ~50% of the variance of ôbsv , which indicates the 

importance of CTWs on interannual (rather than episodic) ôbsv  variations in 

summer. The notable equatorward CTWv  is well developed in 2002 (-16.5 cm 

s-1) and in 2012 (- 6.2 cm s-1) consistently with the negative anomalies of ôbsv  

(Fig. 6b). The poleward CTWv  is intensified in 2009 (3.6 cm s-1) and 2010 (5.3 

cm s-1) which may partly (but not totally) contribute to the positive anomalies 

of ôbsv . 

 

Table 3.1 Correlation coefficients between observed and modeled alongshore 
currents. Model currents are reproduced by LW model ( LWv ), CTW model ( CTWv ), 

and the linear combination ( LW CTWv  ) 

Year LWv  CTWv  LW CTWv   

2000 
0.47  

(0.0005) 
0.02 

 (0.45) 
0.48 

 (0.001) 

2001 
0.40  

(0.011) 
0.30  

(0.014) 
0.35 

 (0.023) 

2002 
0.82  

(0.0001) 
0.11  

(0.25) 
0.62  

(0.0009) 

2003 
0.45  

(0.0022) 
0.47  

(0.0046) 
0.73 

(0.0003) 

2004 
0.47  

(0.0006) 
0.38  

(0.0073) 
0.77  

(<0.0001) 

2005 - - - 

2006 
-0.01  
(0.46) 

0.34  
(0.017) 

0.27  
(0.086) 
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2007 
0.42  

(0.0050) 
0.32  

(0.066) 
0.52  

(0.022) 

2008 
0.66  

(0.0001) 
0.44  

(0.0093) 
0.58  

(0.0018) 

2009 
0.35  

(0.0093) 
0.13  

(0.17) 
0.43  

(0.0033) 

2010 
0.61  

(0.0053) 
0.05  

(0.40) 
0.42  

(0.024) 

2011 
0.76  

(<0.0001) 
0.41  

(0.0016) 
0.73  

(<0.0001) 

2012 
0.72  

(<0.0001) 
0.27  

(0.013) 
0.71  

(<0.0001) 

2013 
0.43  

(0.0012) 
0.33  

(0.035) 
0.59  

(0.0037) 

2014 
0.21  

(0.097) 
-0.02  
(0.45) 

0.10  
(0.31) 

2015 
0.61  

(0.0003) 
0.46  

(0.0031) 
0.62  

(0.0004) 
Note. The bold and underlined correlations are significant at the 95% confidence level with 
p-values shown in parentheses. 

 

The local and remote wind forcings account for the observed 

alongshore current in both episodic events and interannual variation. The 

combination of the local and remote wind driven alongshore current ( LW CTWv  ) 

is defined as the sum of high-pass filtered LWv  and low-pass filtered CTWv  

with cutoff period of 390 hours (~16 days) which shows best correlation (R 

= 0.55) to the summertime obsv (Fig. 6a) for 16 years. Both The episodic 

events (Table 1) and interannual variation of LW CTWv   (R = 0.68 with p-

value: 0.0026) are significantly correlated to those of obsv . 
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Figure 3.5 Time series of obsv  (black), high-pass filtered (< 390 hr) LWv  (red), 

and low-pass filtered (< 390 hr) CTWv  (blue) for each year.  

 

 

Figure 3.6 Interannual variations of summer mean LWv   (red), CTWv   (blue) and 

LW CTWv  (green) and ˆobsv  (black). 

 

3.4.2 Influence of the boundary current 
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When the strong (> 40 cm s-1) EKWC flows poleward with its main 

axis approaching to the coast (within 45 km from the ESROB; see Fig. 7a), 

distinctively high EIs in 2001 and 2009 (Fig. 7b) coincide with the strong 

positive anomalies of ˆobsv  in corresponding years. The low EIs in 2002, 

2006, 2013 and 2014, are primarily due to large r (r > 70 km, e.g., main axis 

of the EKWC far from the coast and ESROB) and less affected by vmax. The 

EI is significantly correlated to ˆobsv  (R = 0.59 with p-value: 0.010). In the 

high OFI period, the pressure gradient due to EKWC which is represented by 

the steep isotherms, corresponding to the steep isopycnals (not shown), 

neighboring the ESROB induces the poleward anomalies of ˆobsv  through 

the penetration of pressure gradient (see, Fig. 7c). In the low EI period, the 

isotherms near the coast, beyond the influence of EKWC, are almost flat or 

even slope down to the shore providing more favorable condition for the 

negative anomalies of ˆobsv . 
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Figure 3.7(a) A time-distance diagram of vmax with the magnitude in color. (b) Time 
series of the EI with 25th and 75th percentiles in dashed line. (c) Cross-sections of 
composite mean of T (black contour line) and S (color with white dashed contour) 
when EI is over 75th percentile (left panel) and below 25th percentile (right panel). 

 

3.4.3 Combination of wind forcing and the influence of the boundary 

current  

The results of multiple regression analysis demonstrate relative 

importance of wind and offshore forcings on the interannual variations of 

ˆobsv . The combined effect of wind and offshore forcings explains about 72 % 

(R = 0.85 with p-value: 0.0047) of the variance of ˆobsv  (see black open box 

and pink close box in Fig. 8b) although each forcing effect does less (44 and 

35% respectively) with lower correlation (R = 0.68 and 0.59 respectively) 

(Fig. 8a). Note that the wind and offshore forcings are not significantly 

correlated (i.e. independent) each other (R = 0.14 with p-value: 0.31). The 
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positive anomaly of ˆobsv  in 2001 is primarily explained by the poleward 

offshore forcing while the negative anomalies in 2002 and 2012 by the 

equatorward-than-normal (local and remote) wind stresses along the upstream 

coasts without significant offshore forcing and the positive anomalies in 2007 

and 2010 by the poleward-than-normal wind stresses. Both wind and offshore 

forcings play significant roles on the positive anomaly in 2009 (Fig. 8b). Thus, 

we can say that when the offshore forcing exerts on the coastal region, the 

poleward current is enhanced otherwise, when the boundary current moves 

far off the coast, the coastal current is mainly determined by the local and 

remote wind forcing. 
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Figure 3.8 (a) Scatter plots of ˆobsv   vs. summer mean LW CTWv   (left panel) and 

ˆobsv    vs. EI (right panel) with the correlation coefficients. (b) The regressed 

LW CTWv    (blue bar) and EI (grey bar) onto the ˆobsv   are shown with the ˆobsv   

(black open box) and the multiple regression results (pink bar). 

 

3.5 Discussion 

3.5.1 Relationship of EKWC, NKCC, alongshore pressure gradient, and 

wind stress curl 

The summer EI is associated with two boundary currents – EKWC 

and NKCC, and properties of water masses carried by the currents – NKCW, 
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TSW, and TMW. The high EI corresponds to strong EKWC carrying the high 

(> 34.2) salinity water or TMW near the coast (< 50 km) accompanied by 

inshore shrinks of NKCC and NKCW (< 30 km at 100 m depth). Conversely, 

low EI is linked to expansion of NKCC and NKCW (> 80 km at 100 m depth) 

accompanied by rather weak EKWC farther distant from the coast (> 100 km). 

Such a counteracting relation between EKWC and NKCC is consistent with 

the previous results (Lee and Niiller, 2010; Nam et al. 2016). The offshore 

forcing, thus, proxied by the EI, is thought to represent relative impact of 

EKWC compared to NKCC. The TSW, occupying the upper 20–30 m of 

offshore zone 40 km or farther distant from the coast, although also 

transported poleward by the EKWC, may not to be directly related to the EI 

but more affected by freshwater transport variability from the East China Sea 

into the East Sea via the Korea Strait (Chang et al., 2016, Senjyu et al., 2006). 

Because obsv and NKCC are both equatorward and intensified in 

summer, it should be clarified that if the currents are independent to the other 

or not. To quantify the variation of NKCC, spatial mean of 5°C isotherm 

depth onshore of 75 km and the slope of the isotherm for each year are 

estimated; the temporal variation of the 5°C isotherm slope is almost the same 

with the that of the isotherm depth (R= 0.93). From the result, it was found 

that the interannual variation of the 5°C isotherm depth shows significant 

correlation with the EI (R= -0.77) rather than obsv  (R= -0.37). This implies 

that the NKCC and the obsv  varies independently and, the variation of 
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EKWC and that of NKCC are closely related (Figure 3.9). We, however, do 

not know which one leads the other. 

 

Figure 3.9 Summer mean values of observed surface alongshore current anomalies 
(upper), EKWC index (middle) and 5°C isotherm depth near (< 75 km) the coast for 
each year. The correlation coefficients of 5°C isotherm depth and the surface 
alongshore current, and EKWC index with confidence interval (95%) and p-values 
are shown in the lower panel. 

 

In seasonal variation, the zonal extent of the alongshore sea level 

gradient is over 100km and not confined near the coast. this can affect not 
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only the coastal current but also rather large scale boundary current the NKCC. 

The 5°C isotherm depth and alongshore sea level gradient between the EKB 

and Mukho are significantly correlated (R=0.52; Figure 3.10). The first mode 

CSEOF loading vectors of the cross-section of temperature along the NIFS 

105 lines show the development of NKCW in summer (Fig. 3.10) which is 

not found in the second and third mode CSEOF loading vectors. The relevant 

patterns of SSH onto the 105 line temperature estimated by multiple 

regression of principal component (PC) time series of SSH onto the first mode 

PC time series of the temperature cross-section (Fig. 3.11 left) are that there 

is SSH depression around the mid-east coast of Korea in summer. The regress 

PC is highly correlated (R=0.94) with the target PC. The relevant patterns of 

the wind and wind stress curl estimated by multiple regression of wind stress 

curl PC time series onto the temperature cross section (Fig. 3.11 right) show 

the positive wind stress curl anomalies along the mid-east coast of Korea 

which is consistent results with the dynamics in Chapter 2. However, The 

wind stress curl, which is responsible for the alongshore pressure gradient in 

the seasonal variation, is not significantly correlated (R= 0.2) to the 5°C 

isotherm depth representing the NKCC. This results implies that NKCC is not 

intensified by the alongshore pressure gradient generated by wind stress curl 

gradient. The wind stress curl near the mid-east coast of Korea is also not 

related to the NKCC variation with the correlation coefficient of 0.36. 
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Figure 3.10 Normalized summer mean valued of 5 isotherm depth (blue) along the 
NIFS 105 station line and alongshore SSH difference (red) with their correlation 
coefficient and 95% confidence interval. 

 

 

Figure 3.11 The first mode CSEOF loading vectors of the temperature cross-section 
along the 105 NIFS line with principal component time series. 
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Figure 3.12 CSEOF loading vectors of SSH regressed onto the first mode PC time series of 
temperature (left) and CSEOF loading vectors of wind and wind stress curl regressed onto 
the first mode PC time series of temperature (right). 

 

3.5.2 Coastally trapped low salinity water (NKSW) 

The coastally-trapped surface low salinity warm water (33 < S < 34, 

T > 5°C), distinguished from both NKCW and TSW, is transported by the 

local and remote wind-forced equatorward currents in summer and would 

originate from the northern coastal region as suggested by previous works 

(Jeong et al., 2013; Lee and Lee 2017; Park et al., 2016; Seung, 1988), which 

geostrophically balances with equatorward current. The surface low salinity 
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water (< 32.9) observed at the ESROB in 2006, 2011, and 2013 is consistent 

with the ‘northern coastal pattern’ characterized by the same property 

confined along the northern coast (Lee and Lee, 2017), supporting the idea 

on coastally-trapped surface low salinity warm water of northern origin. In 

2001, in spite of the north coastal pattern, the summer mean salinity (33.24) 

observed at the ESROB is significantly higher than the summer climatology 

(33.06) probably due to the strong offshore forcing (high EI) and the poleward 

anomaly in the alongshore current transporting more portion of TMW (Figure 

3.13). The poleward anomaly in 2014, even both wind and the offshore 

forcing conditions are favorable for equatorward current, may be related to 

the severe drought over the north Korea (Wang and He, 2014), which is 

associated with the decrease of coastally-trapped surface low salinity water 

and implies unfavorable condition for the equatorward anomaly.  

 
Figure 3.13 Time series of summer mean salinity for each year at the depth in legend. 
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3.5.3 LW model 

 One of the LW model parameters T is optimally fitted to 24 hours to 

match the maximum correlation between WT and obsv  (Figure 3.14), which 

seems dynamically more relevant to the inertial or geostrophic adjustment 

time scale (= 1/f,  ~19 hours) and the lateral frictional time scale (~0.5 day; 

based on the horizontal eddy viscosity ~103 m2 s-1 suggested by Park et al., 

(2016)) rather than the bottom frictional time scale (~O(10) days with the 

vertical eddy viscosity ~O(10-2) m2 s-1). In the mid- or outer-shelf region 

where the depth is deep enough, the alongshore current beyond the surface 

and bottom boundary layers is geostrophically well balanced and the effects 

of bottom friction over the entire water column are often become negligible. 

It is also worth noting that the adjustment time in this region is shorter than 

that in the mid-shelf region off the Oregon coast (~8 days) (Austin and Barth, 

2002) where the bottom slope is more gentle. The reason of the shorter 

adjustment time scale here is would be related to the fact that the 

upwelling/downwelling jet develops near the coast in a shorter time on 

steeper slope (Allen, 1995) but need to be investigated in the future. 
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Figure 3.14 The correlation between the integral wind stress and the observed alongshore 
current as a function of the optimal timescale. 

 

In the LW model, the ratio of obs  to LW  is more or less sensitive 

to the choice of δs, Δx, and N2. The δs used here is reasonable in a sense that 

mean e-folding depth (~23 m) of the correlation between the cross-shore 

current and τsy (only for correlation coefficient exceeding 0.4) agrees well 

with the selected δs and the vertical eddy viscosity estimated from the δs is in 

the reasonable range (~O(10-2) m2 s-1). The Δx is known to vary with the time 

duration of a wind event and the magnitude of wind stress (Austin and Lentz, 

2002). It would be proportional to the decorrelation timescale (Tdecorrel ~1.1–

2.3 days) and the standard deviation of τsy (~0.01–0.05 N m-2) which is related 

to the cross-shore Ekman transport, e.g., / ( )
sydecorrel s offsetfTx x      

neglecting asymmetry in upwelling and downwelling fronts displacement rate. 
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With the 4 km offset of Δx ( offsetx ), corresponding to the e-folding length (~4 

km) scale of the climatological summer mean isopycnal (1025.5 kg m-3) depth 

near (< 30 km) the coast (Figure 3.15), the interannual variation of LW  

considering N2 and Δx variations is significantly correlated to the obs  (R = 

0.55 with p-value: 0.016 from 2000 to 2015 and R = 0.83 with p-value: < 

0.0001 from 2003 to 2015; Figure 3.16). The positive value of offsetx  is 

thought to represent the presence of the coastally-trapped low salinity water. 

This can be a possible reason that the obsv  responses well to the equatorward 

(downwelling favorable) wind rather than the poleward (upwelling favorable) 

wind event as mentioned in the previous section. 

 

Figure 3.15 A depth-distance plot of isopycnal (ρ=1025.5 kg m-3) (blue) near 20 m depth and 
exponentially fitted curve (red) of Depth = 8.6 x exp( (Dist.-20.0)/-4050.2) + 19.5. 
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Figure 3.16 Time series of summer mean obs  and LW  for each year. 

3.5.4 CTW model 

The wave properties of CTW considered in this study have similarities 

with the that of continental shelf wave rather than that of the internal Kelvin 

wave. The propagation speed of the first mode CTW is about 10 m s-1 which 

is slower than that of the barotropic (or external) Kelvin wave and one order 

of magnitude larger than that of the first mode internal Kelvin wave (0.66 m 

s-1; Figure 3.17). It seems physically reasonable because the cross-shore 

length scale of shelf is larger than the internal Rossby radius of deformation 

(Burger number ~ 0.1 in this region) which indicates that the bottom 

topography plays important role on the CTW dynamics.  
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Figure 3.17 The mean vertical profile of N2 in August estimated from the NIFS 
10504 station (nearest station from the ESROB) hydrographic data (left) and the 
corresponding phase speed for each mode (right) estimated by normal mode 
decomposition (Gill, 1982) 

The CTW model results presented in Section 3.2 are more affected by 

the alongshore winds off the Russian coast than those off the Korean coast. 

The interannual pressure variation derived by the wind-forced CTWs is more 

correlated to the alongshore wind stress off the Russian coast (R = 0.98 with 

p-value: 0.0014) than that off the Korean coast (R = 0.77 with p-value: 0.0090) 

in spite of the smaller b1 off the Russian coast (~0.35–0.37 s1/2 cm-1/2) than 

that off the Korean coast (~0.41–0.54 s1/2 cm-1/2). The alongshore wind stress 

itself has stronger variations off the Russian coast (standard deviation: 0.017 

N m-2) than that off the Korean coast (standard deviation: 0.007 N m-2). Note 

that the frictional damping length scale (order of 104 km) is about ten times 

longer than the distance from the ESROB to the Russian coast (~1000 km). 



 

 ８７

Interannual variations of the F1, b1, c1, and a1 due to the changes in 

stratification are not considered here, which might alter the results on CTWv . 

In the range of N variation from spring to summer (~0.2 rad s-1; Cho et al., 

2014), even an order of magnitude larger than that of the interannual variation 

of N (~0.01 rad s-1; Figure 3.18) obtained from the ESROB CTD, the b1, c1, 

and F1 are insensitive to the N variation. Even if the a1 changes by a factor of 

two as the case of the seasonal variation of N which is bigger than that of the 

interannual variation, the bottom frictional length scale (6250 km) will be still 

long enough comparing to the distance between the ESROB and the Russian 

coast (~1000 km) and the effect of a1 change with N is negligible. Thus, the 

change in shelf topography along the Russian and Korean coast would play 

more important role in the CTW results than stratification.  

 
Figure 3.18 Time series of summer mean N for each year. 

 

The characteristics of LWv  and CTWv  is quite distinct due to the 

difference of the dynamics considered. In the LW model, offshore-ward 
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density gradient generated by alongshore wind stress is important while the 

alongshore pressure gradient accelerating alongshore current dominated the 

dynamics in the CTW model. Although both local and remote wind stress are 

included in the estimation of CTWv , it is found that the effect of the local wind 

stress in the CTW model is negligible in both episodic and interannual 

variation by comparing the cases of including and excluding the local wind 

stress (between south of 38° 24.0’N and the ESROB). Also, the frequency-

dependency in the effect of LWv  (in the higher frequency fluctuation) and 

CTWv  (in the lower frequency fluctuation) on the obsv  seems dynamically 

reasonable. In the CTW dynamics, the friction becomes more important in 

the higher mode which is, necessarily, related to the higher frequency 

fluctuations. Even though the frictional length scale, in the first mode CTW, 

is long enough compare to the distance between the ESROB and the Russian 

coast, the motions in the shorter period tends to be related to the higher mode 

and might be dissipated by the friction as it moves all the way to the ESROB, 

which is not concerned in the CTW model used in this study. For example, in 

the case off the Russian coast, wavelength corresponds to 100 hours period is 

about 4000 km in the 1st mode which is comparable to the wavelength of 400 

hours period wave in the 3rd mode (cf. the wavelength of 400 hours period in 

1st mode is about 16000 km). The frictional coefficient of 3rd mode (or 

wavelength of 4000km) is 10 times larger than that of the 1st mode (or 

wavelength of 16000 km). In that sense, we can estimate energy loss of CTW 
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traveling about 1000 km with respect to the wavelength. The energy loss of 

the wave whose wavelength is 4000 km is about 56% while that of the wave 

whose wavelength is 16000 km is about 6%. Thus we can say that the short 

wave is easy to be damped out along the way of propagation. In addition, the 

variance of low frequency (> 10 days) alongshore wind stress off the Russian 

coast are larger than that of the Korean coast (Figure 3.18). So, the low 

frequency alongshore current variation tends to be affected mainly by the 

remote wind forcing propagated via CTW. The data shows that high 

frequency obsv  variation is related to the local wind forcing and the low 

frequency obsv  variation is mainly explained by CTWv  with the optimal cut-

off period of 390 hr (~16 days; Figure 3.19). This is a possible reason why 

the CTWv  is a driving forcing for the interannual variation rather than the 

episodic events of obsv . 

The suggested wavelength (> 16000 km) corresponding to the longer 

period (> 16 days) seems quite large compared with the size of the basin (~ 

thousands of kilometers). The typical wavelength of the CTWs are known to 

be from ~1000 km to ten of ~10000 km not only on the boundaries of the 

open ocean, such as the west coast of US and Austrailian coast (Clarke, 1977; 

Woodham et al., 2013) but also on those of the marginal seas, such as Baltic 

Sea, Mediteranean Sea, and East Sea (Pizrro and Shaffer, 1998; Millot, 1991; 

Jung et al., 2008). Because the suggested wavelength is just determined by 
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the theoretical relationship of period and phase speed obtained from the CTW 

model, the realistic numerical model and observations are needed to reveal 

the characteristics of the CTWs in the East Sea. 

 

 

Figure 3.19 Variance preserving spectra (left) of the alongshore component of wind 
stresses along the coast (right). 
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Figure 3.20 (a) Correlation of High-pass filtered vLW with vobs (b) Correlation of low-
pass filtered vCTW with vobs Correlation between vobs and vLW+CTW with respect to cut-
off periods 

The remote wind forcing propagated via the coastal trapped wave is 

not responsible for the seasonal variation of alongshore current. Both the 

alongshore wind stress off the Korean and the Russian coast are poleward in 

summer and equatorward in winter. Even though the remote wind forcing is 

a major factor of the interannual variation of alongshore current, it does not 

affect the seasonal variation of alongshore current as well as the local wind 

does not. 
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Figure 3.21 Climatological monthly averaged alongshore wind stress off the Korean 
(blue) and the Russian (red) coast (positive poleward).  
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4. Summary and conclusion 

The seasonal and interannual variations of alongshore current off the 

mid-east cost of Korea are investigated using a long term buoy data. 

Summertime current reversal, directing equatorward, occurs in summer while 

mean alongshore current is poleward. Also, subsurface warm and low salinity 

water is observed along with the equatorward current in summer. Using tide 

gauge and hydrography data, it is suggested that barotropic and baroclinic 

pressure gradient are dominant terms in both along and cross-shore 

momentum balance. In alongshore direction, alongshore pressure gradient is 

balanced with lateral friction, which means alongshore current in this region 

is determined by the change of alongshore pressure gradient in seasonal time 

scale. 

WSCA and SSHA are spatially co-related in the East Sea. The 

quantitative relationship between them and between alongshore gradient of 

wind stress curl and alongshore current show that when the wind stress curl 

in the south is higher than that in the north, equatorward current is induced 

along the coast. From the momentum analysis and Ekman dynamics, it is 

revealed that the wind stress curl gradient explains 45% (60%) of the 

alongshore current (alongshore pressure gradient). Along with this, low 

density water originated from the north also contributes to the alongshore 

pressure gradient in summer. 
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The surface intensified summertime equatorward current carrying 

warm and fresh water is newly identified as the NKSC. Both the NKSC and 

the NKCC currents shows different water properties and seasonal variation 

(Figure 4.1). The NKSC and positive wind stress curl which occupy along the 

mid-east coast of Korea may affect the path of the EKWC. The impact of 

wind stress curl on the equatorward expansion of the NKCW and the 

separation of the EKWC should be investigated in the future work. 

 
Figure 4.1 Schematics of current system and wind stress curl gradient responsible 
for the seasonal variation of the current in summer (left) and winter (right)off the 
east coast of Korea. 

The interannual variations of the surface alongshore current ( obsv : 

NKSC) observed in summer near the mid-east coast of Korea are examined 

with analytic models for current responses to local and remote wind forcing 

and the influence of boundary current, EKWC. The interannual anomaly 

( ˆobsv ) of obsv  obtained by removing seasonal climatology shows significant 

(with the standard deviation of 4.8 cm s-1) interannual variations in summer 

comparable to the magnitude of seasonal variation (with the standard 

deviation of 6.0 cm s-1). The remote wind forcing, particularly off the Russian 
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coast, explains 50 % of interannual ˆobsv  variations via CTW propagations 

along the coast while the local wind forcing is insignificantly correlated in 

spite of better performance in accounting for episodic events of obsv . The 

offshore forcing enhanced by the EKWC approaching to the coast is another 

important driver for poleward ˆobsv  anomaly (R=0.59). Multiple regression 

results reveal that when there is no offshore forcing which induces poleward 

coastal current, the local and remote wind forcing mainly determines the 

current direction, yielding 72 % of the ˆobsv  variation attributed to the 

changes in local and remote wind forcing (Figure 4.2). 

 

Figure 4.2 Schematic of current system and forcings responsible for the equatorward anomaly 
on the interannual variation of summertime surface alongshore current off the east coast of 
Korea. 

The wind stress curl and its alongshore gradient, which affects the 

seasonal variation of NKCC, are not significantly related to the interannaul 

variation of current in summer while the alongshore pressure gradient and EI 
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are significantly correlated with the NKCC variation. The mechanism of 

NKCC variation should be revealed in the future work. 

This study suggests that the wind and the influence of the boundary 

current are dominant drivers of the interannual surface current variations in 

summer near the coast of Korea. We conclude that the summertime current 

near the coast is not only determined by the boundary current variation in 

spite of the narrow shelf width, but also affected particularly by the local and 

remote wind forcings. Further investigations on the interannual variation of 

water properties in summer and other seasons and their relationships to the 

surface as well as subsurface currents are needed for better understanding of 

the boundary current system near the mid-east coast of Korea.  
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Abstract (in Korean) 

  

전세계 약 40% 정도의 인구가 살고 있는 연안 지역 주변 

해양의 열, 영양염, 그리고 해양 쓰레기 등의 분포를 결정하는 

연안 해류 순환에 대해 아는 것은 매우 중요하다. 특히, 대양에 

비해 연안역의 해류 변동은 다양한 외력에 의해 보다 역동적이고 

복잡한 특성을 보인다. 본 연구에서는 동해 중부 연안 해역에서 

장기간 연속적으로 얻어진 계류 자료를 이용하여 연안 해류의 

계절 변동과 경년 변동 특성 및 역학적인 원인에 대해 고찰 

하였다. 

 동해 중부 연안에서의 연안과 평행한 성분의 해류는 표층 

계류선으로부터 얻어진 6 년간의 해류 자료로 부터, 전체 기간 

평균 해류가 북서향류인 것에 반해 여름철(6-9 월)평균 해류는 

남동향류인 것을 확인하였다. 여름철 남동향류의 발달은 국지적인 

바람응력이나 외해역에 존재하는 경계류(동한난류)와는 무관하게 

나타났다. 이 해류의 폭은 최대 40 km 까지 나타나고, 고온(>5˚C) 

및 저염(<34)의 해수를 이동시키는 특성을 보였다. 연안과 평행한 

성분의 수심 평균된 운동량 균형은 압력경도력과 수평마찰력이 

균형을 이루는 것으로 나타났다. 압력경도력의 변동 원인은 

연안과 평행한 방향의 바람응력와도의 구배에 의한 부력 구배의 

영향(60%)과 북쪽 연안(동한만 해역)에 존재하는 고온 저염수에 

의한 영향으로 나타났다.  

 동해 중부 연안의 표층 계류선으로부터 얻어진 16 년간의 

해류자료를 통하여 살펴본 여름철 남동향하는 표층 해류의 

경년변동은 2001, 2009, 2010, 2014 년에 그 세기가 약해지거나 



 

 １０６

북서향류가 나타났고, 2002, 2006, 2012 년에는 그 세기가 

강화되는 양상이 나타나 유의미한 경년 변동을 보였다. 국지적인 

바람응력은 보다 짧은 주기(<390 시간)의 해류 변동을 잘 

설명하는 것에 반해, 러시아 연안에 작용하는 원격 바람응력(연안 

갖힘파에 의해 전파되는)은 동해 중부 연안의 여름철 해류의 경년 

변화를 주로 설명하였다(~50%). 동한난류의 변동 또한 여름철 

해류의 경년변화를 일부 설명하는 것으로(35%) 나타났다.  

본 연구를 통하여 동해 중부 연안의 해류는 평균적으로 

북서향류이나, 연안과 평행한 방향의 바람응력와도 구배에의해 

여름철 남동향류로 바뀌는 계절 변동 특성과 여름철 해류의 경년 

변동은 연안과 평행한 바람응력과 외해의 경계류의 변동에 의해 

나타난다는 것을 밝혔다. 본 연구 결과는 향후 동해 중부 

연안에서의 열 수지 및 물질 이동과 관련된 연구 및 전 세계 

연안역 해류의, 특히 좁은 대륙붕 해역의, 계절 및 경년 변동의 

역학적이고 정량적인 연구에 기여할 것으로 기대된다.  
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