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Examining the deep-water exchange through the Ulleung Interplain Gap (UIG) between
the Ulleung Basin (UB) and the Japan Basin in the East Sea (Sea of Japan) is critical
for understanding the vigorous circulation and material cycles of the sea. The exchange
features an asymmetric flow structure across the UIG: a broad and weak inflow (into
the UB) in the western UIG, and a narrow and strong outflow (out of the UB) in the
eastern UIG, with the latter closely associated with the Dokdo Abyssal Current (DAC),
a long-term mean, strong abyssal current near Dokdo. In this study, the linear theory of
bottom-trapped topographic Rossby waves (TRWSs) is applied to explain the previously
unexplored longer intraseasonal band (30-50 days) DAC variability by analyzing multi-
year moored current-meter observations and HYCOM reanalysis data, as they are
significantly correlated in the period band (though not at the shorter intraseasonal band
of 5-25 day explored previously). Bottom-intensified DAC variability is characterized by
TRW parameters with a vertical trapping scale of 1100-2100 m, a horizontal wavelength
of 49-111 km, a propagating speed of 1.3-3.0 km day~ ", and a propagating direction
aligned with isobaths within a 2°-23° range (shallower water on the right). The departure
angle between the energy-propagating direction of the waves and the isobath direction
is estimated from the spectra of the along- and cross-slope abyssal currents and from
the TRW theoretical dispersion relation for a given buoyancy frequency and bottom
slope. These values are then compared to examine the significance of the bottom-
trapped TRW dynamics, yielding a small (<16°) difference. The results support the
significance of bottom-trapped TRWSs on the longer intraseasonal variability of abyssal
currents near the steeply sloped eastern side of the UIG, and an asymmetric abyssal
flow structure across the UIG in the southwestern East Sea.

Keywords: abyssal currents, bottom-intensified current, East Sea (Sea of Japan), bottom-trapped topographic
Rossby waves, HYCOM, intraseasonal band

Frontiers in Marine Science | www.frontiersin.org 1

October 2020 | Volume 7 | Article 579680


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.579680
http://creativecommons.org/licenses/by/4.0/
mailto:namsh@snu.ac.kr
https://doi.org/10.3389/fmars.2020.579680
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.579680&domain=pdf&date_stamp=2020-10-29
https://www.frontiersin.org/articles/10.3389/fmars.2020.579680/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Shin et al.

Intraseasonal Abyssal Current Variability of TRW

INTRODUCTION

Bottom-trapped topographic Rossby waves (TRWs), generated
by the stretching and squeezing of deep-water columns,
propagate in the direction corresponding to the shallower water
on the right-hand side in the northern hemisphere. TRWs
proceed along isobaths over sloping topography and are modified
by stratification (Rhines, 1970; Reid and Wang, 2004). Both
observations and numerical models suggest that bottom-trapped
TRWSs dominate the abyssal current variability on a timescale
ranging from several to hundreds of days. These TRWs with
wavelengths ranging from approximately 80 to 250 km have
been proven to have significant variability in deep and abyssal
circulations in several regions, such as the continental rise near
Cape Hatteras in the North Atlantic (Thompson and Luyten,
1976; Pickard, 1995), the Gulf of Mexico (Hamilton, 1990, 2007;
Hamilton and Lugo-Fernandez, 2001; Oey and Lee, 2002; Oey
et al., 2009), the Kuil-Kamchatka trench (Uehara and Miyake,
2000), and the South China Sea (Shu et al., 2016). Deep and
abyssal current variability at relatively short (<6 days) periods,
highly correlated with high-frequency wind forcing, has also been
found in the Santa Barbara Channel, where the bottom-trapped
waves mainly responsible for the variability exhibit a wavelength
of 86-92 km (Auad et al., 1998). The ranges of frequencies and
wavenumbers from previous studies are shown in Figure 1, along
with the theoretical dispersion relations for ranges of different
parameters accounting for intraseasonal oscillations.

The Ulleung Interplain Gap (UIG), located in the East Sea
(Japan Sea), is the only deep passage (i.e., below 1500 m)
connecting the Ulleung Basin (UB) in the southwestern area
of the sea with the Japan Basin (JB) in the northern area
(Figures 2A,B). Deep and abyssal currents observed below
1800 m from five moorings across the UIG for 16.5 months
from November 2002 to April 2004 demonstrate an asymmetric
structure of mean exchange flow with broad and weak
equatorward inflow into the UB through the western UIG,
and narrow and strong poleward outflow out of UB through
the eastern UIG. The poleward outflow is named the Dokdo
Abyssal Current (DAC) and exhibits a maximum recorded
current speed of approximately 33.9 cm s~ ! (Chang et al., 2009).
Strong variability in the upper ocean circulation revealing the
meandering of the Tsushima Current, and mesoscale eddies
in the UIG and UB have been reported (Mitchell et al,
2005; Teague et al, 2005; Xu et al, 2009). These currents
may contribute to the generation of TRWs and result in the
intraseasonal variability of the DAC. Indeed, the power spectra
for deep flows in the UIG indicate high spectral energies over
a period of 15-60 days, particularly near Dokdo, relevant to
the steeply sloping bottom topography (Chang et al., 2009).
Results consistent with spectral peaks of DAC variability at the
relatively shorter periods of 10.7 and 21.3 day were reported
from direct current observations of approximately five moorings
from November 2002 to April 2004, supporting the notion of
bottom-trapped TRWs with wavelengths of 50-80 km (Kim
etal,, 2013). However, the forcing mechanisms of DAC variability
at a longer intraseasonal band (30-50 days) remain unknown,
probably due the relatively short period of mooring observations,

which makes resolving the current variability at the longer
intraseasonal band difficult.

This study aims to characterize and address the bottom-
trapped TRWSs underlying the longer-period intraseasonal DAC
variability from multi-year moored current-meter observations
and HYbrid Coordinate Ocean Model (HYCOM) reanalysis, and
to discuss the possible cause. The data and methods used are
described in the next section. Section “Results” provides the
TRW characteristic results derived from both observational and
reanalysis data. The results are discussed in Section “Discussion”
and concluded in section “Conclusion”.

DATA AND THEORY

Data Source and Processing
We used long time-series data collected using three subsurface
moorings, EC1, U5, and UB2, in the UB and UIG (Noh and
Nam, 2018; Noh et al., 2020) (Figure 2B). At EC1, 14-year time-
series moored current-meter data were collected at depths of
approximately 1400 and 2200 m (with slightly varying sensor
depths over deployments) from January 1999 to December 2012.
Time-series acoustic Doppler current profiler data collected from
the upper 300 m of the EC1 mooring from December 2002 to
February 2004 were also used. Similar moored current-meter
data were collected at U5 at depths of 1000 and 2000 m from
November 2002 to May 2006, and at UB2 at depths of 1000
and 1600 m from May 2006 to February 2010. Aanderra rotary
current-meters (RCMs) and Nortek Aquadopp current-meters
were used to collect the moored current-meter data at sampling
intervals of 30 or 60 min. The mooring locations, nominal depths
of current meters, deployment periods of moorings, and basic
statistics of the moored current-meter data are listed in Table 1.
The speeds of the horizontal current shown in Table 1 are based
on an uncertainty of an order of 0.01 cm s~ !, which is inversely
proportional to the square root of the number of data used in
averaging (Teague et al., 2005; Watts et al., 2013). The minimum
current speed of an RCM is 1.1 cm s~ !, which is treated as a
current stall, and a data gap of no longer than 5 h was filled by
applying spline fits to the zonal and meridional currents (Teague
et al., 2005). The moored current-meter data were vertically
interpolated to estimate the zonal and meridional currents at
the nominal depths.

The measured zonal (u#) and meridional (v) currents were

ensemble-averaged over 1 day. The ratio of EKE = (ﬁ + 172) /2

to MKE = (ﬁ—f—viz) /2 was calculated, where the zonal and

meridional velocities (u,v) were decomposed into long-term
mean (i, 7) and fluctuating components (1, /), that is, u =
i+ u and v = v + v, The daily averaged u and v were bandpass-
filtered to extract fluctuations at shorter (5-25 days) and
longer (30-50 days) intraseasonal bands with cutoff periods
of 5 and 25 days, and 30 and 50 days, respectively, using a
second-order Butterworth filter. The two intraseasonal bands
were based on spectral energies observed at U5 (rather than
ECl1), as reported in a previous study (e.g., Chang et al,
2009; Figure 3D). The variance-preserving spectrum of the
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FIGURE 1 | Dispersion relation (lines) of bottom-trapped TRWs from Eq. (1) for (A) varying buoyancy frequency (N) with constant bottom slope (I' = 0.05),
propagating orientation angle rotated from the isobath direction (6 = 10°), Coriolis parameter (fy = 8.8 x 1075 s71), and depth level (H = 2000 m); (B) varying T with
constant N (=1 x 108 s7"), 0 (= 10°), fp (= 8.8 x 10°° 571), and H (= 2000 m); (C) varying 6 with constant N (= 1 x 103 s7"), I' (= 0.05), fy (= 8.8 x 10°® 1), and H
(= 2000 m); (D) varying fy with constant N (= 1 x 1078 s71), T (= 0.05), 6 (= 10°), and H (= 2000 m); (E) varying H with constant N (= 1 x 103 s'"), I" (= 0.05), 6
(=10°), and fy (= 8.8 x 10°® s71); and (F) their combinations. Herein, ranges of wavenumbers (k) and frequencies (w) investigated in past and present studies are
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current speed (v u/2 +v'2) was calculated using Welch’s power
spectrum methods (Welch, 1967) and Hamming windows with
50% overlap. In addition to the moored current-meter data,
vertical profiles of temperature and salinity collected in the
eastern UIG (near U5 and EC1) from six full-depth CTD casts
in August 1995, March 1997, June 1999, September 2005, August
2008, and October 2012 were used to estimate the buoyancy
frequency (Figure 2B).

The 20-year time-series data of daily u and v, water
temperature, and salinity from October 1992 to December 2012
of HYCOM global 1/12° reanalysis data were used in this
study. The horizontal resolution was 0.08°, and the vertically
interpolated z-levels where the data were extracted were 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1250, 1500,
and 2000 m. Although the data-assimilated HYCOM data
may contain non-conservative momentum, vorticity, and mass
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FIGURE 2 | (A) Bottom topography (depth in color) in the East Sea. JB, YB, UB, and UIG denote the Japan Basin, Yamato Basin, Ulleung Basin, and Ulleung
Interplain Gap, respectively. (B) Bottom slope in UB and UIG (area shown in red in panel A) with isobaths every 500 m. Locations of current-meter moorings (ECT1,
U5, and UB?2) and conductivity-temperature—depth (CTD) casts are shown with circles and crosses, respectively. Four locations selected for calculating the TRW
characteristics are indicated by colored squares (Cases 1-4). The along-slope (Uy) and down-slope (V) directions are marked with arrows in panel (B).

TABLE 1 | Basic statistics of daily mean currents observed at EC1 for 1999 to 2012, U5 for 2002 to 2006, and UB2 for 2006 to 2010 along with sampling time interval of

the current measurements.

Station Nominal Period Sampling Velocity Mean STD Vector mean MKE EKE EKE/MKE
depth (m) time  components (cms~') (cms™1) (cm?2s~2) (cm?s~2)
interval (h)
Speed Heading Max
(cms1) ©) Speed
(cms™1)
EC1 1400 99/05—- 0.50r1 V] —0.80 2.66 1.43 214.0 11.39 1.02 6.52 6.39
12/12
\ —1.18 2.44
2200 99/01- 0.50r1 v] —-0.92 2.96 1.49 217.8 13.87 1.12 7.72 6.89
12/12
\ —1.18 2.58
ubs 1000 04/07- 0.5 V] 1.49 1.67 5.60 16.4 19.97 15.67 12.86 0.82
05/09
\ 5.40 4.80
2000 02/11- 0.5 V] 1.07 2.24 5.95 10.4 29.48 17.69 17.62 1.00
06/05
\ 5.85 5.50
uB2 1000 06/05— 0.50r1 V] —-0.73 1.10 3.58 191.9 17.76 6.39 6.07 0.95
10/02
\ —-3.50 3.31
1600 06/05— 0.50r1 V] —0.11 0.83 3.18 182.0 20.36 5.07 4.83 0.95
10/02
\ -3.18 3.00

All headings (horizontal direction) are measured in an angle rotated clockwise from the north. STD, MKE, and EKE denote the standard deviation, mean kinetic energy,

and eddy kinetic energy, respectively.

source/sink elements, the results in the deep layer were not
modified significantly with sparse or no available observational
data in the region. Thus, the HYCOM data have been widely used
to reveal intermediate and deep circulations in the region, which
is consistent with observations reported elsewhere (Hogan and
Hurlburt, 2006; Nam et al., 2016; Han et al., 2020). The HYCOM
horizontal currents (1 and v) were also bandpass-filtered with the

same filters used to extract fluctuations at the two intraseasonal
bands. Considering the bottom topography in the vicinity of U5,
bandpass-filtered currents were decomposed into along-slope
(Uy, 10° rotated clockwise from the north) and cross-slope (V)
components. The bathymetry data used in the HYCOM dataset
(GLBu0.08_07b) were used to estimate the along-isobath angle at
scales of several tens to a few hundreds of kilometers (Figure 2B).
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FIGURE 3 | Time series of daily mean currents observed at (A) EC1, (B), U5, and (C) UB. The horizontal red bars denote the nominal depth. (D) Total kinetic energy
spectra of EC1 (blue) and 1000 and 2000 m of U5 (black and red), in variance-preserving form of currents observed at 1000 m of U5 from July 2004 to September
2005. The horizontal bars refer to the mean spectral energy for shorter and longer intraseasonal bands (shaded).

To supplement the observational and HYCOM data, the
sea surface wind from the Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRA2), and the
absolute sea surface height (SSH) from the Archiving, Validation,
and Interpretation of Satellite Oceanographic data (AVISO) were

used. The MERRA2 wind data were produced with a time interval
of 6 h, and zonal and meridional resolutions of 0.2° for the
atmospheric model. The AVISO SSH data, provided by the
Copernicus Marine Environment Monitoring Service (CMEMS),
were provided as daily gridded data from satellite altimetry
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missions, such as Jason-3 and Sentinel-3A, with a horizontal
resolution of 0.25° x 0.25°.

Application of Bottom-Trapped TRW

Theory

In the linear theory of bottom-trapped TRWs, the vertical
structure of bottom-intensified wave motions is proportional
to V = Vycosh(kNz/fy), where V is the horizontal velocity
component, k is the horizontal wavenumber, and z is the
water depth (Rhines, 1970). Neglecting the planetary beta, the
dispersion relation of TRWs in a stratified ocean can be written as

® = I'Nsin 6 coth(kNH /fy), (1)

where w, 6, N, H, fy, and I' are the wave frequency and
orientation angle of the wavenumber vector from the downslope
or the angle of the wave-propagating direction (direction of the
group velocity vector) with respect to the isobath, buoyancy
frequency, water depth, Coriolis parameter, and bottom slope,
respectively. The ratio R of the kinetic energy associated with the
TRW s between the two depths is expressed as:

R = (cosh(kNz; /f)/ cosh(Ksz/fo))2 forz; < zp, (2)

where z; and z; are the two depth levels. Herein, R is estimated
from the ratio of U; spectra at the upper and lower layers for
the intraseasonal band, and N and f; are fixed (6.8 x 10~% and
8.8 x 107> s™1, respectively) based on the time-mean vertical
profiles of the HYCOM temperature and salinity near Dokdo.
The wavenumber k and thus the wavelength (A = 27/« in km)
and propagating speed (C = %/T in km day~!, where T is
the period) are estimated from the ratio R using Eq. (2). The
orientation angle (0) is calculated in two ways. The first method
uses the spectra of the along-slope and cross-slope currents (U
and V) observed at 2000 m following the process described in
Fofonoft (1969). Herein, the angle 6. is obtained using the co-
spectrum (Syy) between U; and V; and the autospectrum (Syy,
Syy) of Uy and V; as follows:

0e = ltan_1 2Suv

) 3
2 Suu — Sy ®)

The second method uses the theoretical dispersion relation
(6¢) with a constant bottom slope (I' = 0.02 for the location of
U5) and the buoyancy frequency N, as derived from Eq. (1):

2
6, = sin™! [TF’TN tanh(=2 KH)] , (4)

where T is the period. The difference in the orientation angle
between the two methods (64 = 6. — 6¢) is used to examine
the significance of the bottom-trapped TRW dynamics in the
corresponding cases.

A small R, indicating the bottom intensification of
intraseasonal oscillation, is a necessary condition for bottom-
trapped TRWs. The eight small R cases selected in this study
are listed in Tables 2, 3. Note that such bottom intensification is
found in limited areas where the bottom-trapped TRW theory is
applicable, mostly at the eastern side of the UIG and UB (shown

in the next section). For the eight selected cases with I" values
ranging from 0 to 0.1, we tested the sensitivity of the theoretical
orientation angle (6;) to the HYCOM buoyancy frequency N
(7.0 £ 4.0 x 10~* s71), which is significantly overestimated
compared with that of the CTD observation (3 x 1074 s 1),
The overestimation of the HYCOM stratification in the deep
part of the region, accounting for most of the systematic bias
in 64 (systematically small 6; compared with 6,), is discussed
with regard to the uncertainties of HYCOM-derived 6; in
section “Discussion”.

RESULTS

Characteristics of Abyssal Circulation

and Its Variability

Statistics on Abyssal Currents Observed in the UB
and UIG

Weak southward and southwestward inflows from the JB into the
UB via the UIG, with mean speeds of 1.43 and 1.49 cm s~ !, were
observed at the 1400 and 2200 m levels, respectively, at EC1 in the
center of the UIG. Here, an EKE 6-7-times larger than the MKE
indicates significant temporal variability (Figures 3A, 4A and
Table 1). The kinetic energy spectra of abyssal currents observed
at 2200 m indicate distinct, significant variances of 0.53 and
0.23 cm? s~ at shorter and longer intraseasonal bands (5-25 and
30-50 days, respectively) at U5; however, the separation was not
distinct at EC1 (Figure 3D). The two intraseasonal bands defined
previously were based on spectral energies observed at U5 rather
than EC1 (Chang et al., 2009).

Unlike ECI, relatively strong northward flows were observed
at U5, with mean speeds of 5.60 cm s~ ! at 1000 m and 5.95 cm
s~! at 2000 m. Southward flows were observed at UB2 with
mean speeds of 3.58 cm s~ at 1000 m and 3.18 cm s~!
at 1600 m (Figures 3B,C, 4A and Table 1). Although U5
and ECI are adjacent to each other, the maximum speed of
abyssal currents at U5 was 29.48 cm s~ !, which is twice that
at EC1. The difference between maximum current speeds at
U5 and EC1 is due to the asymmetric flow structure across
the UIG, with a wider and weaker inflow into the UB located
in the western UIG, and a narrower and stronger outflow
into the JB located in the eastern UIG, which is consistent
with the findings of previous studies (Chang et al., 2009)
and confirmed from HYCOM (Figure 4A). The relatively
strong northward abyssal currents at U5 reaffirm the DAC in
the eastern UIG.

Despite the lower ratios (~1) at U5 and UB2 between EKE
and MKE than those at EC1, temporal variability is stronger
at U5 and UB2, yielding variances at 2000 m of 1.62 and
8.11 cm? s 2, respectively, in the kinetic energy spectra of abyssal
currents. These variances are several times higher than those
at ECI at shorter and longer intraseasonal bands (5-25 and
30-50 days, respectively; Figures 3A-D, 4A, and Table 1). The
spectral variances of kinetic energy at 1000 m for U5 are 2.35
and 10.24 cm? s~2 at shorter and longer intraseasonal bands,
respectively. These values are lower than the spectral variances
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TABLE 2 | Inputs of TRW parameters.

Case Longitude (°E) Latitude (°"N) Depth (m) N (x 10-4S-') T Shallow Deep

Suw (cm?2s72) Sy, (cm?2s72) S, (cm?s~2) S, (cm?s~?)

HYCOM 1 A 132.16 37.04 1000 1250 5.5 0.03 9.8 13.1 1.3 3.1
2 A 131.04 36.08 1000 1500 7.3 0.02 1.1 11.4 1.6 3.5
B 1250 1500 7.3 9.6
3 A 132.00 37.04 1000 1500 7.3 0.05 12.0 15.4 1.4 4.2
B 1250 1500 7.5 13.3
4 A 131.60 37.20 1000 2000 6.7 0.02 mn7 24.6 5.5 10.2
B 1250 2000 6.6 1.0
C 1500 2000 6.8 10.9
Nearest U5 131.68 37.28 1000 2000 6.7 0.06 16.1 15.3 1.6 41
Observations U5 131.72 37.29 1000 2000 3.5 0.06 14.7 16.5 0.2 1.5

N is the mean buoyancy frequency between two selected depths, T is the bottom slope, Suu, Sw, and Sy is the auto- and cross-spectra of U, and V; for eight cases
and U5 (both from HYCOM and mooring observations).

TABLE 3 | TRW parameters for eight cases and observation (U5).

Case Longitude Latitude Depth (m) R K (km~1)  (km) C (km day~") w (m) 0e (°) 0 (°) 0g (°)
1 A 132.16 37.04 1000 1250 0.75 0.13 49 1.31 1250 14 5 9
2 A 131.04 36.08 1000 1500 0.98 0.02 420 11.20 7800 18 2 16
B 1250 1500 0.85 0.06 101 2.70 1900 6 12
3 A 132.00 37.04 1000 1500 0.78 0.06 111 2.96 2122 16 2 14
B 1250 1500 0.86 0.06 106 2.82 1990 2 14

4 A 131.60 37.20 10002000  0.48  0.07 (0.12) 86 (51) 2.30 (1.36) 1820 23 8(14) 1509

B 1250 2000 0.45 0.09 (0.17) 0(37) 1.86 (1.00) 1490 9(17) 14 (5)

c 15002000  0.44 0.1 (0.25) 54 (25) 1.44 (0.67) 1110 9@1) 14

us 131.72 37.29 10002000  0.89  0.03(0.05 238 (124) 6.34 (3.31) 4990 5 10 43)

R is the ratio of the spectra of U, components between two different depths, « is the horizontal wavenumber, . is the wavelength, C is the phase velocity, and . is vertical
trapping scale. The estimated angle (6¢) of the principle major axis at the lower depth and the angles (6t) predicted by the linear TRW dispersion relation are measured
clockwise from the downslope for the period band of 30-50 days. The difference between the angles (64) is measured. 6y and 64 are also measured using the mean
buoyancy frequency from the observed CTD data for Case 4 in parentheses.
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FIGURE 4 | Statistics of deep currents reproduced by HYCOM reanalysis data and moored data. (A) Mean velocity field using HYCOM data and moored data at
EC1, U5, and UB2 (black, blue, red, and purple arrows, respectively), and variance of v currents for (B) unfiltered case and (C) longer intraseasonal band. In panels
(B,C), the colors of the symbols for EC1 (triangle), U5 (square), and UB2 (circle) denote the variance of the observed v currents with the same scale shown in the
right color bar.

at 2000 m at U5, indicating bottom intensification. The mean ~Comparison of Observed and Reanalyzed

and fluctuating currents (particularly at the longer intraseasonal ~ Abyssal Currents

band) are intensified at U5 on the eastern side near Dokdo, The HYCOM deep currents in the UB and UIG show cyclonic
indicating eastward intensification. circulation along the 2000 m isobath, which consists of a weak
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FIGURE 5 | Correlation (values below 95% confidence level are discarded) between modeled (HYCOM) and observed v currents for EC1 (left) and U5 (right) at
2000 m for (A,B) the whole period band, (C,D) shorter intraseasonal bands, and (E,F) longer intraseasonal bands. Grids selected for comparison of observed and
modeled abyssal currents are marked by green squares.

southward inflow to the UB in the western UB and UIG, a
weak eastward flow in the interior and southern UB, a strong
northward outflow from the UB in the eastern UB and UIG,

and smaller cyclonic circulation near EC1 (Figure 4A). The
cyclonic deep and abyssal circulation are consistent with the
observations at EC1, U5, and UB2. The spatial distribution of v
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FIGURE 6 | Time series of modeled (dashed) and observed (solid) v currents at 2000 m of the locations of (A,C) U5 and (D) southeastern UB (green squares in
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compared in panel (B). Time-depth contours of modeled v currents are shown for longer intraseasonal band at U5 for (E) total period and (F) period from July 2004
to April 2005. The HYCOM depth levels are denoted by black dotted horizontal lines in panels (E,F).

variance at the longer intraseasonal band shows severe variability
in the eastern UIG and UB, which accounts for most of the
v variance (Figures 4B,C). The eastward intensification of v
is also consistent with the observations in EC1, U5, and UB
(Figures 4B,C and Table 1).

The spatial distribution of the correlation between the
reanalyzed and observed v at EC1 and U5 in the non-filtered
case, and the shorter and longer intraseasonal bands, is shown in
Figure 5. The correlation of the non-filtered v current shows the
tendency for asymmetric flow between the eastern and western
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UIG and UB. Although there was no significant correlation in the
shorter intraseasonal band at EC1 and U5, marginally significant
correlations with the longer intraseasonal band at U5 were found
in large areas of the UB and UIG. However, as EC1 is located
in the central UIG, which reveals a relatively clear tendency of
asymmetric flow in the longer intraseasonal band, it represents
the western UIG.

The marginally significant correlations in the longer
intraseasonal band v observed at U5 were confirmed in the
time series plots (Figure 6). At U5, the reanalyzed v at 2000 m
is not highly correlated with the observation at U5 for the

longer intraseasonal band, although it is statistically significant
(correlation coefficient: ~0.30; Figure 6C). A better correlation
(~0.57) with the observation is found in the southeastern
UB (green square in Figure 5F), where the reanalyzed and
observed v at 2000 m are generally consistent in both phase
and amplitude (Figure 6D). The reanalyzed and observed v are
not only marginally correlated but also consistent in terms of
amplitude and vertical propagation. Vertical phase propagation
was not significant for both observations and reanalyzed v
except for the upper depths, particularly between 1000 and
2000 m (Figures 6B,E,F). At U5, the lagged cross-correlation
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reached its maximum (0.79) at zero lag for reanalysis v at
1000 and 2000 m.

Characteristics of Intraseasonal Abyssal

Current Variability and TRWs
Spatially Coherent Abyssal Current Variability in the
Intraseasonal Band
The correlation maps of reanalyzed v show wave-like spatially
coherent patterns in the western, central (corresponding to EC1),
and eastern (corresponding to U5) UIG v at 2000 m (Figures 7A-
C). The results show an opposing sign between the western and
eastern sides of the UIG and UB, implying that waves were
constrained by basin geometry; for example, the normal mode.
The horizontal width of the coherent pattern with a positive
correlation is wide at the western and narrow at the eastern UIG
and UB, consistent with the asymmetrical characteristics of the
observed and reanalyzed mean currents (#, v). The wave-like
patterns with a phase change every ~80 km indicate wavelengths
comparable to the scale in this region.

Regarding the phase change, a nearly identical spatial pattern
of the correlation map v was obtained with time lags before
and after 20 days (half the longer intraseasonal band v). Phase

changes from positive to negative and back again were observed
(Figures 7D,E), although no significant change was observed
after a 5-day lag (Figures 7C,F). Cross-sectional correlation
maps support both the eastward and bottom intensification of
the longer intraseasonal DAC oscillations, yielding e-folding
decorrelation length scales of ~11 km in the cross-slope and
~1400 m in the vertical direction (Figures 7G,H). The ratio
between the vertical and cross-slope scales, 0.13 (= 1400/11000),
which is more than double the bottom slope at U5 (0.06, Table 2),
is discussed in the next section. Such high ratio supports even
strongly bottom-trapped or first baroclinic structures vertically
(note that zero-crossing depth corresponds to the thermocline
at approximately 100 m). These dominant correlation patterns,
along with the eastward intensification of the intraseasonal
current oscillations, raise the possibility of bottom-trapped TRW
or the first mode of baroclinic Rossby waves, as presented in
the next section.

Characteristics of Bottom-Trapped TRWs

Bottom intensification with a stronger HYCOM current at lower
depths (R < 1) is found at the eastern UB and UIG along
the 1250, 1500, and 2000 m isobaths, particularly near Dokdo
(Figure 8). Although there are a few grids beyond the eastern
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side where R is less than 1.00 (e.g., in the southern UB and
western interior UB), the minimum value of R is 0.91. This
is significantly higher than the R values in the eastern DAC
near Dokdo. Thus, the bottom-trapped TRW theory is primarily
applicable for areas limited to the eastern side of the UIG and
UB, where the minimum value of R is 0.45 (Figures 8D-F). The
bottom and eastward intensification of the longer intraseasonal
current variability is consistent with the observed characteristics
presented in the previous section, and is characterized in
association with bottom-trapped TRWs.

The horizontal wavenumber, wavelength, phase speed,
orientation angle of the wavenumber vector (from the two
methods), and vertical trapping scale listed in Table 3 provide
the characteristics of bottom-trapped TRWs that explain the
observed abyssal current variability in the longer intraseasonal
band. A small (<16°) difference in the orientation angle exists
between the two methods (64) for the eight cases from HYCOM
reanalysis and observation at U5 (Table 3). The observational
results, in comparison to the corresponding HYCOM case
(Case 4A), show weaker bottom intensification (higher R),
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resulting in longer wavelength, larger vertical trapping scale,
lower propagating speed, and smaller 6.. The HYCOM results
yield wavelengths of 54-86 km and a propagating speed of 1.44—
2.30 km day~! for Case 4, in which the bottom intensification
is the strongest. The vertical trapping scales of the HYCOM

results are 1110-1820 m, which is consistent with the vertical
structure (not shown) for Case 4. Meanwhile, 64 ranges from 9°
to 16° over all HYCOM cases, which is systematically biased to a
positive value (i.e., a systematically small 6; compared to 6), as
discussed in the next section.
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DISCUSSION

The results of the orientation angle derived from the theoretical
dispersion relation (6;) of Eq. (4) may be sensitive to the
bottom slope (I') and buoyancy frequency (N). The sensitivity
tests result in a range of 6 typically less than 10° for the
given range of the bottom slope in the case area (shaded
area in Figure 9), and the buoyancy frequency obtained from
the HYCOM stratification (&1 standard deviation from the
mean, lines in Figure 9). Such a robust theoretical orientation
angle of bottom-trapped TRWs (6;) cannot explain why 6 is
systematically smaller than the orientation angle derived from
the spectra of Uy and V; (6) using Eq. (3), which is consistent
with the observed currents. Interestingly, when compared with
the CTD data (N = ~3 x 1074 s~1), the HYCOM reanalysis
overestimates the mean buoyancy frequency (N) in the deep UB
and UIG by ~4 x 10~* s~! (Figure 10), which results in an
overestimation of 6; and 64 for Case 4 of ~6°-12° (Table 3).
The parameters of TRWs using the observed N (Table 3 in
parentheses and the blue line in Figure 9D) show a decrease in
wavelength from 54 to 25 km and in propagating speed from
1.44 to 0.67 km day_1 for Case 4c. The 6; increases from 9° to
21° with the observed N, significantly decreasing 64 from 14° to
2°. The resultant 64 is thus within the range of uncertainty of
HYCOM reanalysis data, supporting the significance of bottom-
trapped TRWs in accordance with the observed stratification at
the eastern side of UIG and UB.

The primary sources of TRW energy have been suggested
by previous studies (Hamilton, 1990, 2007, 2009; Pickard, 1995;
Auad et al.,, 1998; Oey et al., 2009; Oey, 2008; Shu et al., 2016).
Energetic motions, such as mesoscale eddies and the meandering
of the Tsushima Current, may play a role in the intraseasonal
current variability in the upper layer of the southwestern East Sea,
including the UB and UIG (Mitchell et al.,, 2005; Teague et al.,
2005; Xu et al., 2009). In particular, Kim et al. (2013) reported
that TRWs with periods of 10.7 and 21.3 day are generated from
upper warm events (passing by the anticyclonic eddy), whereas
those with periods of 40 days are less correlated with the upper
warm events. The enhanced current oscillations observed (U5)
and reanalyzed at the upper and lower depth levels at the longer
intraseasonal band are significantly correlated with each other but
less correlated with satellite altimeter-derived surface geostrophic
current (not shown). Instead, these oscillations tend to intensify
in winter when the longer intraseasonal band fluctuation of sea
surface wind is also significant. The cause of the bottom-trapped
TRWs responsible for the longer intraseasonal current variability
is still obscure and needs further study.

In this study, the bottom-trapped TRW theory was applied
to examine the bottom and eastward-intensified, longer
intraseasonal variability in the abyssal current focusing on the
eastern side of the UB and UIG. The relative importance of
bottom trapping (baroclinic mode) vs. geostrophic motion
(barotropic mode) can be easily evaluated with the index of
I'N/fo (Rhines, 1970), which is consistent with the stratification
parameter (Wang and Mooers, 1976). For a given stratification
and Coriolis parameter, a strong bottom trapping or baroclinic

mode is dominant only when the slope is steep enough to bring
the index close to or higher than the unity (high stratification
parameter); otherwise, the motion is almost geostrophic or
barotropic (low stratification parameter), as the index is much
less than the unity with a gentle slope. For most of the UB and
UIG areas, IN/fy = ~0.1or <1,and IN/fy = ~1 or
>1 only at limited locations on the eastern sides (Figure 8),
indicating that the barotropic mode of TRWs significantly
contributes to the abyssal current variability in these areas.
However, in the limited area of the steeply sloped eastern side
of the UB and UIG (e.g., U5), I'N/fp becomes much higher
than the unity, with a high ratio between the vertical and
cross-slope decorrelation scales at U5 (Figure 7H) indicating the
dominant bottom-trapped or first baroclinic mode. Meanwhile,
as the UB can be regarded as a closed basin, the existence of
a normal mode is possible (Pedlosky, 1987). The horizontal
wavelength estimated herein based on bottom-trapped TRW
theory (49-111 km) is consistent with that of the first normal
mode baroclinic Rossby waves for an equivalent depth and
eigenvalue imposed by the closed basin scale on the order
of 100 km. The estimation is also reasonable based on the
correlation maps shown in Figures 7A-F. Further studies
on the modes of Rossby waves besides the bottom-trapped
mode (barotropic and baroclinic modes) are needed to fully
understand the intraseasonal variability in the abyssal and upper
currents in the region.

In other regions where bottom-trapped TRWs dominate the
intraseasonal deep or abyssal current variability (Figure 1), the
dominant wave period is shorter than 30 days, except in the
central and western parts of the Gulf of Mexico where dominant
periods range from 20 to 100 days (Thompson and Luyten, 1976;
Hamilton, 1990, 2007; Auad et al., 1998; Shu et al., 2016). One
noticeable characteristic of UB and UIG is that their observed N
(from CTD observations) is one order of magnitude smaller than
that in the other regions. This increases the wavenumber from
0.05t0 0.1 km ™! and decreases the wavelength from 130 to 50 km,
as shown by R = 0.5 in Eq. (2). Despite the small N, however,
no significant differences in the wavenumber of bottom-trapped
TRWs and propagating speed (which are one order of magnitude
smaller because of the relatively longer intraseasonal band) are
shown from those in the other regions because the small N is
compensated by I" and R, which shape the typical characteristics
of TRWs in the UB and UIG.

CONCLUSION

To characterize and address the bottom-trapped TRWs
underlying the longer-period intraseasonal variability of abyssal
currents in the southwest East Sea (time scale of 30-50 days),
multi-year moored current observations and HYCOM reanalysis
were examined. The reanalysis data in the UB and UIG showed
significant correlations (maximum 0.57 in the northeast UB)
of the observed abyssal current variability in the intraseasonal
band in the eastern UIG (U5), but with opposite signs: positive
in the eastern region and negative in the western regions.
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The bottom-trapped TRWs in the eastern UB and UIG were
responsible for the bottom-intensified current variability, based
on the wavelength ranging from 49 to 111 km, propagating
speed ranging from 1.3 to 3.0 km day~!, a vertical trapping
scale ranging from 1100 to 2100 m, and the orientation angle
of the group velocity from the isobath direction ranging from
2° to 23°, except for one case (Case 2A). The orientation angle
was estimated using two methods: one from the along-slope and
cross-slope currents (U, and V;) of the observed and modeled
deep intraseasonal current fluctuations (6¢), and the other from
the theoretical dispersion relation of the bottom-trapped TRWs
for a given buoyancy frequency and bottom slope (6;). The two
orientation angles ranged from 14° to 23° and from 2° to 9°,
respectively, yielding a relatively small (16° at the most) but
positively biased difference (84), in which the latter was mostly
explained by the overestimation of stratification in the reanalyzed
data. The results were robust (insensitive) to a reasonable range
of buoyancy frequency and bottom slope in the region, suggesting
that the bottom-trapped TRWs were responsible for the energetic
abyssal circulation at the limited location of the eastern UB and
UIG, where the bottom slope is sufficiently steep.

This study supports the important role of bottom-
trapped TRWs in shaping the abyssal current variability in
the eastern UIG and UB, strongly implying the exchange
of water and materials between two deep basins in the
East Sea: the UB in the southwest and the JB in the
north. Abyssal currents are energetic as bottom-trapped
TRWSs propagate at a shallow depth, Dokdo, to the right
(Figure 11). With the abyssal current variability at shorter
intraseasonal periods (10-20 days) found previously, the
TRWs are responsible for energetic longer intraseasonal band
variabilities in the abyssal circulations in the areas of steep
slope in the eastern UIG and UB. More observations are
needed to further verify the HYCOM results and improve our
understanding of deep, abyssal, and overturning circulation
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