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ABSTRACT: The effect of the variable Kuroshio intrusion pathway on deep flow in the northern South China Sea
(NSCS) is investigated using observational and theoretical analyses. With significant seasonality in path variation, the leak-
ing path is found to be most frequent, whereas the looping (leaping) path is transient and prefers to occur in winter (sum-
mer). Such multipath variability contributes greatly to the highest surface eddy kinetic energy in the NSCS, with the energy
peaking for the looping path in winter, followed by the leaking and leaping paths. The information flow—based causality
analysis suggests that the energetic surface perturbations in the Kuroshio intrusion region are causal to the intraseasonal
variability in deep flow east of the Dongsha Islands, wherein the linkage is strongest within the Kuroshio Loop Current
eddy shedding event related to the looping path. Therefore, the underlying dynamics for the vertical coupling is illustrated
by this event, in which the eddy is highly compressed to the surface because of sloping topography and its energy is par-
tially transferred downward through vertical pressure work to force the abyssal topographic Rossby waves. Moreover, the
energetics and instability analyses reveal that barotropic instability dominates the energy transfer from background flow to
eddies in the Kuroshio intrusion region, which energizes the surface perturbations most intensively for the looping path,
followed by the leaking and leaping paths. The characteristic scales of the most unstable mode estimated by the reduced-
gravity model are analogous to the observations and account for the rapid growth of surface perturbations in the Kuroshio
intrusion region.
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1. Introduction pathway on relevant processes based on observational and
theoretical analyses.

The SCS is the largest marginal sea in the northwestern
Pacific Ocean, with Kuroshio intrusion through the Luzon
Strait (LS) in the north (Fig. 1). Bringing in enormous mass
and energy, the Kuroshio intrusion greatly constrains both
the upper- and deep-layer dynamics of the NSCS (Hu et al.
2000; Qu 2000; Xue et al. 2004; Chen et al. 2011; Xu and Oey
2015; Gan et al. 2016; Zhu et al. 2017; Shu et al. 2018; Wang
et al. 2021; Zheng et al. 2021). Distinct from the highly inertial
Loop Current intruding into the Gulf of Mexico, the Kuroshio
intrusion into the NSCS is seasonally dependent on three typi-
cal pathways, namely, the looping, leaking, and leaping paths,

The western boundary current intrusion into the marginal
sea significantly contributes to the redistribution and dissipa-
tion of global oceanic energy (e.g., Ferrari and Wunsch 2009).
For example, the Loop Current substantially modulates the
dynamic and thermodynamic states in both the upper and
deep layers of the Gulf of Mexico (Hurlburt and Thompson
1980; Hamilton 1990, 2007, 2009; Oey 1996; Oey and Lee
2002; Xu et al. 2013; Weisberg and Liu 2017; Tenreiro et al.
2018; Zhu and Liang 2020). Here, we focus on the interactions
between the South China Sea (SCS) and Kuroshio intrusion,
which bridge the energy and mass exchange between the SCS
and the Pacific Ocean (Nan et al. 2015). Recently, a numerical
study by Quan et al. (2021a) revealed that the Kuroshio intru- 2 Shown in Fig. 1 (Nan et al. 2011a). This type of seasonality
sion and its related eddies serve as important energy sources 15 closely connected with the rapid growth of the surface eddy
for topographic Rossby waves (TRWs) in the northern SCS kinetic energy (SEKE) in the Kuroshio intrusion region, espe-
(NSCS), which dominate the intraseasonal variability of deep cially in winter, which contributes greatly to the intraseasonal

flow over continental slopes. This study further investigates ~Vvariability in the upper NSCS (Wang et al. 2020a,b). In this
the effect of the temporally varying Kuroshio intrusion study, we demonstrate that the variable Kuroshio intrusion is

also responsible for intraseasonal variability in the abyssal
NSCS.
In a marginal sea with a western boundary current intru-

Corresponding authors: Qi Quan, qquan@sklec.ecnu.edu.cn; Sion, deep-flow variability has often been linked to the surface
Ya Ping Wang, ypwang@nju.edu.cn eddies which are energized through baroclinic transfer (BC)
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FIG. 1. Map of the NSCS. Contours are isobaths (m). Red
crosses denote the mooring sites. The magenta solid, long-dashed,
and short-dashed streamlines represent the leaping, looping, and
leaking pathways of the Kuroshio intrusion, respectively. The yel-
low rectangle denotes the region which is used to compute the KSI
(Huang et al. 2016).

from the background flow (e.g., Oey 2008; Donohue et al. 2016;
Hamilton et al. 2019). Nevertheless, how these surface signals
are transmitted to the deep had not been well demonstrated.
The recent studies indicate that BC is effectively suppressed
over sloping or rough topography; hence, barotropic transfer
(BT) dominates the generation of eddies (LaCasce et al. 2019;
Paloczy and LaCasce 2022), which has been revealed in the
Gulf of Mexico by numerical models (e.g., Maslo et al. 2020;
Yang et al. 2020). Furthermore, according to the theoretical and
numerical studies (Tailleux and McWilliams 2001; Aoki et al.
2009; Wang and Stewart 2018; LaCasce and Groeskamp 2020;
Yassin and Griffies 2022), the quasigeostrophic (QG) motions
over sloping or rough topography tend to be compressed to-
ward the surface, with the speed decaying downward to nearly
zero at the bottom. This is called the surface mode, which has
been proven by observations from global oceans (e.g., Wunsch
1997; de La Lama et al. 2016; Ni et al. 2023). As the surface-
intensified QG motions are shielded from bottom friction, the
BT-supplied eddy energy must be passed to the topographic
waves for dissipation (LaCasce 2017). In this study, we first pro-
vide the observational evidence for the relevant dynamic pro-
cesses in the NSCS (as far as we know).
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The remainder of this paper is organized as follows: The data
and methods are described in section 2. Section 3 presents the
Kuroshio intrusion pathway and the associated SEKE, the resul-
tant causality with intraseasonal variability in deep flow, and the
underlying dynamics illustrated by a Kuroshio Loop Current
eddy shedding (KLCES) event. The mechanism by which the
high SEKE in the Kuroshio intrusion region is supplied is dis-
cussed in section 4. Finally, a summary is provided in section 5.

2. Data and methods
a. Data

Four moorings are deployed in the NSCS to reveal the dy-
namic connection between the deep flow and the Kuroshio in-
trusion (Table 1). The moorings at MMP1 and MMP2 are
equipped with the McLane moored profiler (MMP), Sea Bird
Equipment-37 (SBE-37) CTD, and SeaGuard RCM, whereas
those at M1 and M2 are equipped with the acoustic Doppler
current profiler (ADCP), SBE-37 CID, and SeaGuard RCM.
The measurement period is different for each site, spanning from
May 2019 to September 2020. As we focus on intraseasonal vari-
ability, the data are filtered using a 3-day low pass to exclude the ef-
fects of high-frequency oscillations.

To identify the Kuroshio intrusion pathway and calculate
SEKE in the NSCS, the daily merged absolute dynamic topogra-
phy (ADT), sea level anomaly (SLA), and surface geostrophic
velocity for 30 years (1993-2022) from the Copernicus Marine
Environment Monitoring Service with a horizontal resolution of
1/4° are utilized. In addition, the monthly salinity from World
Ocean Atlas 2023 (WOA23) with a resolution of 1/4° is adopted,
and ETOPOL1 with a resolution of 1/60° from the National Geo-
physical Data Centre is used to obtain the topography.

b. Information flow-based causality analysis

To investigate the linkage between the Kuroshio intrusion
and deep flow in the NSCS, we employ the causality analysis
based on information flow (IF; Liang and Kleeman 2005),
which has been successfully used in oceanic studies, such as
the linkage between the Arctic sea ice and its potential drivers

TABLE 1. Moorings deployed in this study.

Water Measurement
Mooring Location depth (m) Measurement period Instrument range (m)
MMP1 21.04°N, 118.16°E 2050 27 Sep 2019-21 Sep 2020 MMP 0-2000
CTD
RCM
M1 21.02°N, 117.99°E 1600 28 Sep 2019-21 Sep 2020 Upward 75-kHz ADCP 0-1500
Downward 150-kHz ADCP
CTD
RCM
MMP2 20.23°N, 117.49°E 2050 29 Sep 2019-23 Sep 2020 MMP 0-2000
CTD
RCM
M2 19.40°N, 114.90°E 1543 13 May 2019-16 Sep 2020 Upward 300-kHz ADCP 0-1480
CTD
RCM

Brought to you by XIAMEN UNIVERSITY | Unauthenticated | Downloaded 1

2/10/24 02:16 AM UTC



DECEMBER 2024

(Docquier et al. 2022), the remote connection between the
Kuroshio intrusion into the NSCS and the downstream intru-
sion into the East China Sea (Zhao et al. 2023), and the rela-
tion between the Loop Current penetration and the inflow/
outflow in the Gulf of Mexico (Yang et al. 2023).

Consider a 2D stochastic system with the state variables
X=(X,X,))e R%. Let p be the joint probability density. Then,
we have the marginal probability density of Xj, p, = jdeX ,
and the marginal entropy of X;, H, = —IRpl logp,dX,. The time
rate of change of H,, dH,/dt = dH}/dt + dH}"/dt + T, _,, is
owing to two different mechanisms, one due to X; itself with
dH;/dt = EOF,/0X,) (dH™/df) having no (having) stochastic-
ity and another due to the very IF from X, to Xj, which can be
written as

la(Flpl)
py 0X,

1
+ —

2

19°(bf;, + b%z)Pl

E ] M

T,,=-E .
P1 aX]

2-1

where Fj is the drift coefficient, E is the mathematical expec-
tation, and bj; is the diffusion coefficient. In the case when
only two time series are available, Eq. (1) can be statistically
estimated under the linear assumption (Liang 2014):

A _ CIICZI Cz,dl - C%ch,dl

T, , (2)
>t C%lczz - Cnc%z

where Cj; is the sample covariance between X; and X; (i, j = 1, 2),
C, 4;1s the covariance between X; and b’ i and X . is the difference
approximation of dXj/dt using the Euler forward scheme. Note
that Eq. (2) is also valid in highly nonlinear systems (Liang
2014). The IF satisfies the principle of nil causality (Liang
2016a); that is, if the evolution of X; is independent of X5,
then 75_,; = 0; otherwise, T>_,; # 0. Moreover, the IF is asym-
metric between X; and X,, thatis, T5_1 # T _,,.

To quantity the relative importance of the causalities
among different factors, Eq. (1) is normalized as follows:

~

2-1
i) 3)

Tl =

dt

If 7,1 = 1, the evolution of H; is completely attributed to
the IF from X5; if 7,_,; = 0, X5 is not causal to X;. A detailed
derivation can be found in Liang (2008, 2014, 2015, 2016a)
and references therein. Note that all the IFs shown in this
study are normalized and pass the statistical significance test
at the 99% confidence level.

¢. Barotropic instability analysis

Because the QG motions over the continental slope of the
NSCS have been suggested to be surface intensified (Quan
et al. 2023) and the mean flow in the Kuroshio intrusion re-
gion is dominated by its zonal component (see section 4) and
also the BT dominates the upper-layer energy transfer be-
tween the mean flow and eddies in this region (Yang et al.
2013; Zhang et al. 2017; also see appendix), we use a 1.5-layer
reduced-gravity model (a crude representation of surface
mode; LaCasce 2017) with a meridionally sheared mean flow
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U(y) to investigate the characteristic scales of the most unsta-
ble waves in the Kuroshio intrusion region for different path-
ways. According to Qiu and Chen (2004), the linearized
equations for the perturbation velocity v and thickness /4 in
the model can be written as

v v aU .
+

— —dtv—i+tfkXv=—g¢

o Uﬁx Uayl fkXv g'Vh and “4)
d H
%+U‘?—h+ua—+HV-v=0, Q)
ot ax ady

where fis the Coriolis parameter, g’ is the reduced gravity, and
H(y) is the mean upper-layer thickness in the geostrophic balance
with U through fU = —g’H,. Equations (4) and (5) can be com-
bined to obtain the potential vorticity (PV) equation as follows:

(3 + Ui)q TN )

ot ax ay
where O = (f — U,)/H and q = (1/H)[ovidx — ouldy] — (W/H)Q
denote the mean and perturbation PVs, respectively. Assum-
ing that the perturbation motions are quasigeostrophic (i.e.,
fk X v = —g’Vh), we can pursue the normal-mode solution
h = Re[A expik(x — ct)] of Eq. (6) and have

d2
dy?

- U, + UR}?
A—(k2+R;2)A+—B S ——A=0 ()

where A is the amplitude, k is the zonal wavenumber, ¢ = ¢, + ic;
is the phase speed, B = dfldy is the meridional gradient of the
Coriolis parameter, and R, = y/g’H/f is the internal Rossby
deformation radius.

Equation (7) is the eigenvalue problem for the BT analysis of
the meridionally sheared flow U(y) if ¢ is regarded as the eigen-
value. Here, g = 0.03 m s 2 and H = 200 m are used according
to Wang et al. (2008). Because full-depth observations for the
current in the Kuroshio intrusion region are unavailable, the
satellite-observed surface geostrophic velocities averaged between
118° and 120°E along the section from 20° to 22.5°N for different
pathways are used to obtain U(y) and U, (see section 4).

3. Results
a. Kuroshio intrusion pathway and SEKE

There exist many indices that were employed to depict the
state of the Kuroshio intrusion into the NSCS (e.g., Wu 2013;
Sun et al. 2021; Zhao et al. 2023). However, most of them can
only distinguish the patterns in which the Kuroshio penetrated
or not, but the looping and leaking paths cannot be further sepa-
rated. Moreover, the thresholds of these indices were not quanti-
fied and hence difficult to use for the present pursuit. To identify
the three types of Kuroshio intrusion pathway in the NSCS, we
use satellite data to calculate the Kuroshio-SCS index (KSI) pro-
posed by Nan et al. (2011a), namely, the area-integrated relative
vorticity in the yellow rectangle in Fig. 1, as follows:

KSI = H[—(g/f)vzn]ds, ®)
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FIG. 2. (a) Satellite-observed mean surface geostrophic currents (m s~ 1) associated with the looping pathway of the Kuroshio intrusion
from 1993 to 2022. Blue solid lines denote the ADT contour of 115 cm. Magenta dots represent the regions where the currents are sub-
stantially distinct from the climatology with the 95% confidence level. Note that regions shallower than 200 m are masked. (b) Trajectories
of the particles released at the section (122.125°-122.625°E, 17.625°N; blue solid line) east of the Luzon Island, which are based on the cur-
rent field in (a) and traced for 30 days. (c) Maximum salinity at 150 m in February from the WOA23, in which only the isohalines between
34.7 and 34.8 with an interval of 0.02 are shown. (d)—(f),(g)—(i) As in (a)—(c), but for the leaking (with the representative salinity in
October) and leaping (with the representative salinity in August) pathways of the Kuroshio intrusion, respectively.

where 7 is the ADT. Note that the integration region (119°-121°E,
20°-22°N) used here is smaller than that in Nan et al. (2011a)
to avoid the misjudgment owing to the offset between the pos-
itive and negative vorticities (Huang et al. 2016). The results
are normalized by subtracting the mean value and dividing by
the standard deviation. According to Nan et al. (2011a), the
looping (leaping) path corresponds to a dimensionless KSI
lower (higher) than —1 (+1), and the leaking path occupies
a KSI falling in between. Following Nan (2012), we also add
the satellite-observed surface Luzon Strait transport (SLST)
through 121°E as an additional constraint to connect the KSI
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with water exchange, i.e., leaping path for an eastward SLST
and looping path for a westward SLST. This constraint can im-
prove the significance of the results and their consistency with
the previous studies.

The left panel in Fig. 2 shows the mean surface geostrophic
current associated with the three pathways of the Kuroshio in-
trusion in the NSCS from 1993 to 2022. Considering the possi-
ble indistinguishability in the flow field, e.g., the branch
leaking from the Kuroshio mainstream that tends to merge
within the cyclonic gyre in the interior NSCS (Fig. 2d), we
perform the Lagrangian tracing based on the current [Tracing
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FIG. 3. (a) Mean SEKE (m? s 2) associated with the looping pathway of the Kuroshio intru-
sion. Contours denote the isobaths. Blue dots represent the regions where the SEKE deviates
substantially from the climatology with the 95% confidence level. Note that regions shallower
than 200 m are masked. (b),(c) As in (a), but for the leaking and leaping paths, respectively.
(d) Area-integrated SEKE (J m™') in the Kuroshio intrusion region (yellow rectangle in Fig. 1) for

the three paths. Note that the results are multiplied by the reference density of 1025 kg m

the Water Masses of the North Atlantic and the Mediterra-
nean (TRACMASS); Jonsson et al. 2015] and show trajecto-
ries of the particles, which are released at the section
(122.125°-122.625°E, 17.625°N) east of the Luzon Island and
traced for 30 days, to better demonstrate the pathways from
the perspective of mass transport (middle panel in Fig. 2).
Moreover, we also display the observed maximum salinity at
150 m from the WOA23 to support the results of particle trac-
ing (right panel in Fig. 2). Note that the representative months
for different pathways are selected according to the maximum
occurrence probabilities shown in Figs. 4b—d.

For the looping path (Figs. 2a—c), the Kuroshio enters the
NSCS in the middle of the LS and leaves in the north, forming
an anticyclonic loop with the salinity higher than the sur-
roundings. For the leaking path (Figs. 2d-f), the Kuroshio
veers northeastward in the northern half of the LS, with a
branch intruding into the NSCS from the southwest of Taiwan
(see the particle trajectories and the salty water extending
northwestward). For the leaping path (Figs. 2g—i), the Kuroshio
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barely enters the NSCS and strides over the LS. The crucial dy-
namics for the multipath variability of the Kuroshio intrusion is
attributed to the competition between beta effect and inertia ef-
fect (which is predominantly determined by the flow strength
over the gap), the former favoring a penetrating state and the
latter favoring a leaping state (Sheremet 2001). Therefore, the
fundamental difference between the leaking and leaping paths
appears at the south and southwest of Taiwan, where the Kur-
oshio is intensified for the leaping path and hence has no branch
intruding into the NSCS. In addition, previous studies have sug-
gested that the westerly wind anomaly in the tropical Pacific
(Wang et al. 2006), the negative wind stress curl off southwest
Taiwan (Wu and Hsin 2012), the impingement of cyclonic ed-
dies from the Pacific (Yuan and Wang 2011), the double-gyre
circulation in the SCS (Mei et al. 2023), and even the down-
stream intrusion into the East China Sea (Zhao et al. 2023) are
also responsible for the path transition from the leaping to the
penetrating states. Such Kuroshio path variability has been
thought to dominate eddy generation in the relevant region

2/10/24 02:16 AM UTC
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FIG. 4. (a) Time series of the daily KSI, SLST, and SEKE integrated within the yellow rectangle in Fig. 1. Note that the results are nor-
malized by subtracting the mean value and dividing by the standard deviation. The KSI identifies the type of the Kuroshio intrusion path-
way, with the blue, gray, and red dots denoting the looping, leaking, and leaping paths, respectively. The black dashed lines represent the
absolute values equal to 1. Note that only the SEKE substantially higher than the climatological mean with the 95% confidence level is
shown. (b)-(d) Monthly occurrence probability for the looping, leaking, and leaping path, respectively.

(Nan et al. 2011b), which inspires the present study and will be
further demonstrated below.

To investigate the influence of the variable Kuroshio intru-
sion pathway on the upper NSCS, we calculate the SEKE and
show the results in Fig. 3. Collocated with the high eddy activ-
ity region (Chen et al. 2011; He et al. 2018), the Kuroshio in-
trusion region occupies the highest SEKE in the NSCS,
wherein the energy is strongest for the looping path, followed
by the leaking and leaping paths. The pattern for the leaping
path is similar to that for the leaking path but weaker off the
southwest Taiwan. These results suggest that the background
flow in the Kuroshio intrusion region is highly unstable, par-
ticularly for the looping path, which contributes greatly to the
variation of SEKE in this area.

To further explore the evolution of the Kuroshio intrusion
pathway and its related effect, time series of the daily KSI,
SLST, and area-integrated SEKE in the Kuroshio intrusion
region are shown in Fig. 4. In the 30-yr observation period,
the occurrence probabilities for the three pathways of the
Kuroshio intrusion are 10.7% (looping; 1177 days), 84.7%
(leaking; 9286 days), and 4.6% (leaping; 494 days), respec-
tively. It suggests that the leaking path is most frequent and
hence can be regarded as the climatology to some extent be-
cause their difference is insignificant under the ¢ test with the
95% confidence level (not shown), whereas the looping (leap-
ing) path is transient and prefers to occur in winter (summer).
The occurrence probabilities of the looping and leaping paths
are slightly lower than those reported by Nan et al. (2011a)

Brought to you by XIAMEN UNIVERSITY | Unauthenticated | Downloaded 1

because of the additional constraint from the SLST, which re-
gards the events (mostly in winter) with a KSI lower (higher)
than —1 (+1) but a westward (eastward) SLST as the leaking
rather than the leaping (looping) path. Considering the good
correlation (~0.6) between the KSI and SLST, this constraint
can effectively improve the significance of the identification to
the 95% confidence level and also make the results more con-
sistent with the previous studies. For example, the Kuroshio
has been suggested to meander anticyclonically to a signifi-
cant extent into the NSCS in winter but tend to stride over
the LS in summer (e.g., Yuan et al. 2006; Wu et al. 2017). This
contrasting winter-summer behavior agrees well with the oc-
currence probabilities of the looping and leaping paths shown
here. In addition, the SEKE in the Kuroshio intrusion region
appears to peak in winter (Wang et al. 2020a,b), which is also
consistent with the occurrence of the looping path and the
high SEKE events shown in Figs. 3a and 4a, 4b. These results
suggest significant seasonality for the variable Kuroshio intru-
sion pathway in the NSCS, which can substantially modulate
the upper-layer dynamics west of the LS.

b. Intraseasonal variability in deep flow

Consistent with previous observations in the NSCS (Wang
et al. 2019; Wang et al. 2021; Zheng et al. 2021; Shu et al.
2022), energetic intraseasonal variability in the deep flow, with
the amplitudes (0.03-0.07 m s~ ') comparable to the mean flow
and significant spectral peaks at 7-15 days, is also revealed by
our moorings (Fig. 5). These subinertial fluctuations, which
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FIG. 5. (a) Mean velocity and standard deviation ellipse of the bottom flow at each site. (b)-(e) Power spectra of the BPA at MMP1, M1,
MMP2, and M2, respectively. Dashed lines denote the 95% confidence level (CL95).

are attributed to TRWs (Quan et al. 2021b), account for over
40% of the total variance in the deep layer (not shown). Ac-
cording to the numerical study by Quan et al. (2021a), the en-
ergy source of TRWs in the abyssal NSCS can be traced back
to the SEKE in the Kuroshio intrusion region. However, the
westward propagation of TRWs generated east of the Dong-
sha Islands may be overestimated because of the over
smoothed topography in the numerical model, which will be
demonstrated in the following sections.

Figure 6 shows the time series of the daily SEKE integrated
in the Kuroshio intrusion region from October 2019 to
September 2020 and those at the mooring sites, the latter are
overlapped by the concurrent bottom pressure anomaly
(BPA), which is observed by CTD and obtained by subtracting
the mean value in the measurement period. In general, the
seasonality of SEKE at MMP1, M1, and MMP?2 (Figs. 6b-d),
which are close to the Kuroshio intrusion region, is similar to
that shown in Fig. 6a, whereas it is slightly different at the dis-
tant M2 (Fig. 6¢), with the time lags closely associated with the
KLCES event (see section 3c). High coherence between the
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upper and deep layers occurs if the dimensionless SEKE is
larger than 1, which can be attributed to the local effect
through vertical pressure work (Quan et al. 2021a). Such link-
age is strongest for the maximum SEKE and BPA observed
within the KLCES event related to the looping path in winter
(also see section 3c), while it appears to be weaker for other
paths. Note that the variability in BPA does not always re-
spond to surface perturbations, particularly at M2. According
to Quan et al. (2021b), TRWs in the abyssal NSCS are ener-
gized primarily through vertical pressure work, but the waves
can also be forced by BC or BT in the deep layer or propa-
gated upstream. These local and remote effects are usually
mixed and hard to be distinguished.

To determine the local and remote effects as quantitatively
as possible, we employ the IF-based causality analysis de-
scribed in section 2b. First, we calculate the IF from local
SEKE to BPA at each site (Fig. 7a). The results indicate that
IF is largest at M1, followed by MMP2 and MMP1, but is
nearly zero at M2. It suggests that the deep oscillations at
MMP1, M1, and MMP2 are associated with local surface
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FIG. 6. (a) SEKE integrated in the Kuroshio intrusion region
from October 2019 to September 2020. (b) Time series of the
SEKE and 3-day low-pass-filtered BPA at MMP1. (c)—(e) As in
(b), but for M1, MMP2, and M2, respectively. Note that all the re-
sults are normalized by subtracting the mean value and dividing by
the standard deviation. The black dashed lines represent the abso-
lute values equal to 1. Dates on which the looping, leaking, and
leaping pathway of the Kuroshio intrusion occurred are colored in
blue, gray, and red, respectively. The period when the eddy
reached and passed through M1 is shaded.

perturbations, whereas such a causality is not significant at
M2. This is consistent with the model results in Quan et al.
(2021a) that the cross-layer interactions are active east of the
Dongsha Islands, where the SEKE is highest in the NSCS
(Fig. 3). Note that the difference between the adjacent sites
MMP1 (~2050 m) and M1 (~1600 m) likely arises from the
drastic change in bathymetry, which can affect the vertical
coupling greatly (LaCasce 2017; Quan et al. 2023). We then
calculate the IF from the SEKE integrated in the Kuroshio in-
trusion region to BPA at each site (Fig. 7b). The results are
very similar to those in Fig. 7a, suggesting that the deep oscil-
lations at MMP1, M1, and MMP?2 (excluding M2) can also be
remotely linked to surface perturbations in the Kuroshio in-
trusion region. Finally, we calculate the IFs from BPA at
MMP1, M1, and MMP2 to that at M2 (Fig. 7c). The results
show that the deep oscillations at M2 are weakly affected by
the upstream. An analogous result is also obtained by the
lead-lag correlation analysis (not shown). This deviates from
the backward ray tracing analysis by Quan et al. (2021a), sug-
gesting that TRWs generated east of the Dongsha Islands
would dissipate rapidly and have limited influence on the
downstream. The experimental and numerical results in
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FIG. 7. (a) IFs from the local SEKE to BPA at the mooring sites.
(b) As in (a), but for IFs from the area-integrated SEKE in the
Kuroshio intrusion region (yellow rectangle in Fig. 1) to BPA at
the mooring sites. (c) IFs from BPA at MMP1, M1, and MMP2 to
that at M2, respectively.

Stewart et al. (2011) have suggested that TRWs would break
if the topography varies intensively. Considering the sharp to-
pographic variation near the Dongsha Islands (see Fig. 5a),
previous numerical models with smoothed topography proba-
bly overestimated the westward propagation of TRWs in the
NSCS. The generation of TRWs at M2 may be related to BC
or BT in the deep layer, which remains to be addressed with
additional observations in the future.

As the causalities between BPA and local-remote SEKE
have been revealed, we further calculate the IFs from the
area-integrated SEKE in the Kuroshio intrusion region to the
SEKE at each grid in the NSCS (Fig. 8a). The significant IFs
reside in the area east of the Dongsha Islands, which covers
the mooring sites MMP1, M1, and MMP2. This implies that
the energetic surface perturbations originating from the Kur-
oshio intrusion region can substantially modulate SEKE in
this area, which accounts for the connection between Figs. 7a
and 7b. By investigating the long-lived (>30 days) eddies gen-
erated in the Kuroshio intrusion region and their pathways in
the past 30 years (Fig. 8b), we find that these eddies contrib-
uted ~1/5 of the total number in the NSCS and tended to be
trapped by the continental slope during their westward migra-
tion. Most of these eddies decayed completely east of the
Dongsha Islands, which is consistent with the distribution of
significant IFs in Fig. 8a.

These results suggest that the high SEKE associated with
the variable Kuroshio intrusion in the NSCS can energize
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FIG. 8. (a) IFs from the area-integrated SEKE in the Kuroshio
intrusion region (yellow rectangle) to the SEKE at each grid in the
NSCS. (b) Pathways of anticyclonic (red) and cyclonic (blue) ed-
dies generated in the Kuroshio intrusion region from 1993 to 2022.
Note that only the eddies with a lifespan over 30 days are counted.
The continental slope regions (200-3000 m) are shaded.

intraseasonal variability in the deep flow east of the Dong-
sha Islands. The underlying dynamics for the general situa-
tion, as well as the KLCES event, have been revealed in the
model study by Quan et al. (2021a). The numerical results
show a similar mechanism therein (i.e., the coupling be-
tween layers is fulfilled through vertical pressure work), be-
sides the particularly strong vertical energy transfer for the
KLCES event (consistent with the observational results
shown in Fig. 6). Considering that an intensive KLCES
event was captured by our moorings, the relevant mecha-
nism will be further verified by observations in the following
section.

c. KLCES event

As shown in Figs. 3a, 4a, and 4b, the significantly enhanced
SEKE west of the LS in winter has been suggested to be
closely associated with the KLCES events (Nan et al. 2011b;
Zhang et al. 2017). Different from most of the eddies decaying
east of the Dongsha Islands, these shedding anticyclonic ed-
dies can migrate westward for a very long distance and even
cross the entire NSCS (Fig. 8b). For example, the KLCES
event occurred in late December 2019 and lasted for approxi-
mately 3 months (Fig. 9). This is one of the most intensive
KLCES events in the past 10 years (Liu et al. 2023), which
contributes greatly to the maximum SEKE and BPA at the
mooring sites during its westward migration (see Fig. 6). Tak-
ing this event as a representative example, we will demon-
strate the underlying dynamics of the vertical coupling
between the surface perturbation and deep flow described in
section 1.
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To illustrate the modal structure of the surface perturba-
tion, we first calculate the principal EOFs of the observed ve-
locity profiles during the eddy transit at M1 (note that the
full-depth observation for the current is available only at this
site) and impose the analytical solution of the surface mode
with a sloping bottom for comparison:

d(z) = d)erM[Yo('Y)]] ('YeZ/d) - ]0(7)Y1('yeZ/d)], )

where y = NodMf, > = —[k* + P + Bl(ko)]; w is the fre-
quency; d is the e-folding scale of the buoyancy frequency
N = Noe¥’?; and J,, and Y,, are the Bessel functions with n be-
ing the order (LaCasce 2017). Here, we use the typical param-
eters Ny = 2 X 1072 s ' and d = 300 m in the NSCS (Wang
et al. 2019). Figure 10 shows that the primary modal structures
of the observed velocity profiles (accounting for over 90%
of the total variance) are consistent with the theoretical esti-
mation, except for the zonal component near the bottom.
Note that the numerical solution with an observational pro-
file of N can be more precise. Unfortunately, full-depth
CTD data are unavailable. These results suggest that the en-
ergy was compressed toward the surface when the eddy
passed over the continental slope. Further details regarding
the surface modes observed in the NSCS can be found in
Quan et al. (2023).

According to LaCasce (2017), surface-intensified eddy en-
ergy must be passed to topographic waves to be dissipated.
Based on this, we investigate the cross-layer energy transfer
associated with interface motions, namely, the vertical pres-
sure work:

AQp = ’:_z (plopw), (10)
where p is the pressure, w is the vertical velocity, and
po = 1025 kg m? is the reference density of seawater. Con-
sidering that the vertical velocity and the horizontal mass flux
are incalculable, Eq. (10) is simplified under the assumptions
w ~ —p/p, and ow/dz =~ 0 as follows:

_pP — P (p/p,)

AQ,=
=P P%

; (11)

where p; is the time rate of change of potential density, p, is
the vertical gradient of potential density, and p, is the vertical
gradient of pressure. For comparison between layers, the time
series of the potential density, pressure, vertical pressure
work (computed at 250 and 1450 m), and kinetic energy in the
upper (200 and 300 m) and deep (1400 and 1500 m) layers for
the eddy transit at M1 are normalized, as shown in Fig. 11.
When the eddy reached and passed through this site from 4 to
17 January 2020 (shaded), the interfaces were distorted, and
the variations in potential density and pressure led to positive
(negative) vertical pressure work in the deep (upper) layer,
indicating a downward energy transfer. This process substan-
tially energized (dissipated) the abyssal TRWs (surface eddy),
which is also reflected in the weakened SEKE and enhanced
BPA, as shown in Fig. 6¢ (shaded). Subsequently, the interfaces

2/10/24 02:16 AM UTC



2456 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 54

FIG. 9. Satellite-observed SLA (m) during a KLCES event from 1 Jan to 31 Mar 2020 with a
30-day interval. White contours denote the isobaths. Note that regions shallower than 200 m are
masked.

oscillated for days until the energy was dissipated (not (e.g., Wunsch and Ferrari 2004; Zhai and Marshall 2013;
shown). These observations verify the relevant mechanism  Chen et al. 2014; Maslo et al. 2020; Yang et al. 2020), which
revealed by the numerical model in the NSCS (Quan et al.  suggests that vertical pressure work plays a critical role in
2021a,b, 2022) and agree with the studies on global oceans energy exchange across layers.
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FIG. 10. Principal EOFs of zonal (red) and meridional (blue) ve-
locity components at M1 from 1 to 30 Jan 2020, in comparison with
the analytical solution for surface mode (black) using an exponen-
tial profile of buoyancy frequency. Note that results are divided by
the maximum of respective profiles for normalization.

4. Discussion

We have demonstrated that the variable Kuroshio intrusion
is causal to the high SEKE east of the Dongsha Islands, par-
ticularly for the looping path in winter. These intensive sur-
face perturbations are compressed in the upper layer, and
their energy is partially transferred downward through verti-
cal pressure work to force the abyssal TRWs. In this section,
how the surface perturbations gain energy from the back-
ground flow in the Kuroshio intrusion region is discussed.

Following Liang and Robinson (2007), we first calculate the
BT and BC by using a numerical model to compare their rela-
tive importance in the energy transfer between the back-
ground flow and eddies in the Kuroshio intrusion region:

BT = %po{[ﬂv ~wv) + V- (V)] - [WV -Vu + vV - Vul},

(12)

_ ¢

5Pol(0V) VB = V- (V)] ¢ = g/p, N,

BC (13)
where the overbars and primes denote the temporal mean
(1 month) and anomalies from the mean, respectively. Note
that both the velocity and density act as a function of depth.
Consistent with the previous studies (Yang et al. 2013; Zhang
et al. 2017), the results suggest a dominant role for BT in the
relevant process (see appendix). Based on this, we further uti-
lize the observed surface geostrophic velocity to calculate BT
and the area-integrated results in the Kuroshio intrusion

Brought to you by XIAMEN UNIVERSITY | Unauthenticated | Downloaded 1

QUANET AL.

2457

FIG. 11. Time series of the 3-day low-pass-filtered (a) potential
density, (b) pressure, (c) vertical pressure work (computed at 250
and 1450 m), and (d) kinetic energy in the upper (200 and 300 m)
and deep (1400 and 1500 m) layers for the eddy transit at M1. The
period during 4-17 Jan 2020 is shaded to highlight the process of
downward energy transfer. Note that results are normalized by
subtracting the mean value and dividing by the standard deviation.

region are shown in Fig. 12. Similar to the modeled results,
the observational BT largely accounts for the variation of
SEKE in this region (with a correlation coefficient of ~0.6 at
the 95% confidence level). This again suggests that back-
ground flow over sloping topography tends to be barotropi-
cally unstable (LaCasce et al. 2019; Paléczy and LaCasce
2022).

To further compare the pattern and intensity of BT among
the three pathways of the Kuroshio intrusion, we show the
relevant maps in Fig. 13 (note that only the positive values are
exhibited to indicate the energy transfer from background
flow to eddies). Consistent with the results shown in Fig. 3,
the highest BT also occurs in the Kuroshio intrusion region,
wherein the energy transfer is strongest for the looping path,
followed by the leaking and leaping paths. The pattern for the
leaping path is similar to that for the leaking path but weaker
off the southwest Taiwan. These results demonstrate again
that the background flow in the Kuroshio intrusion region
tends to be unstable, particularly for the looping path, which
results in significant seasonality of SEKE in this region. More
details about the eddy generation owing to change of the Kur-
oshio intrusion path can be referred to Nan et al. (2011b).

Finally, we investigate the characteristic scales of the most
unstable mode of background flow in the Kuroshio intrusion
region for each pathway by using the reduced-gravity model
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FIG. 12. Area-integrated BT (W m™'; red) and SEKE (J m™'; blue) in the Kuroshio intrusion
region (yellow rectangle in Fig. 1) from 1993 to 2022. The black dashed line denotes the zero
value for BT. Note that positive values for BT indicate the energy transfer from the background

flow to eddies, and vice versa.

described in section 2c (note that the relevant temporal scale
reflects the growth time of perturbation rather than the dura-
tion of pathway). Taking the dominant zonal component U as
the simplification of the background flow (Figs. 14a—c), we
solve Eq. (7) numerically and acquire the eigenvalue ¢ with a
nonzero imaginary part, which represents a growing unstable
wave:

h = Re[A(y)e*'e "], (14)

where kc¢; denotes the growth rate. The results for the maxi-
mum kc; are presented as a function of the zonal wavenumber
k in Fig. 14d. Consistent with the intensities of BT shown in
Fig. 13, the unstable wave grows fastest for the looping path,
with the characteristic scales of 70.0 km and 15.6 days. The

FIG. 13. (a) Surface BT (W m™>) associated with the looping pathway of the Kuroshio intru-
sion. Only the positive values are shown to suggest the energy transfer from background flow to
eddies. The blue contours denote the ADT of 115-125 cm with an interval of 5 cm. The gray con-
tours are the isobaths. The yellow rectangle denotes the Kuroshio intrusion region. Cyan dots
represent the regions where the results are substantially distinct from the climatology with the
95% confidence level. Note that regions shallower than 200 m are masked. (b),(c) As in (a), but
for the leaking and leaping paths, respectively. (d) Area-integrated surface BT in the Kuroshio
intrusion region for the three paths. Note that only the positive values are used for calculation.
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FiG. 14. (a)~(c) Meridional distribution of the surface geo-
strophic current from 20° to 22.5°N for the looping, leaking, and
leaping path of the Kuroshio intrusion, respectively. The velocities
are averaged between 118° and 120°E. (d) Growth rates of the un-
stable waves as a function of zonal wavenumber k associated with
the three pathways.

relevant scales for the leaking and leaping paths with a
slower growth rate are 61.2 km and 35.7 days and 81.7 km
and 50.6 days, respectively. As responses to the surface per-
turbations, the spectral peaks of BPA around 15 days have
been revealed in Fig. 5, whereas those around 30 and 50
days are not significant in the present data but have been
observed in the NSCS (Wang et al. 2021; Zheng et al. 2021).
Furthermore, according to Quan et al. (2021b, 2023), the
theoretical minimum periods of TRWs (related to bottom
stratification and slope) and the dominant topographic
wavelength in the NSCS are 5-60 days and ~80 km, respec-
tively. This suggests an environmental favor for the rapid
growth of SEKE in the Kuroshio intrusion region, as well as
the generation and maintenance of TRWs in the abyssal
NSCS.
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5. Summary

Interactions between the western boundary current and
marginal sea are critical to the redistribution and dissipation
of global oceanic energy. In this study, the effect of the vari-
able Kuroshio intrusion pathway on the deep flow in the
NSCS is investigated using observational and theoretical anal-
yses. With significant seasonality in path variation, the leaking
path is found to be most frequent (84.7% for the occurrence
probability), whereas the looping (10.7%) and leaping paths
(4.6%) are transient and prefer to occur in winter and summer,
respectively. Such multipath variability contributes greatly to
the highest SEKE in the NSCS, with the energy peaking for the
looping path in winter, followed by the leaking and leaping
paths. Results of the IF-based causality analysis suggest that the
energetic surface perturbations in the Kuroshio intrusion re-
gion are causal to the substantial intraseasonal variability
in the deep flow east of the Dongsha Islands, wherein the
linkage is strongest for the maximum SEKE and BPA ob-
served within the KLCES event related to the looping path.
Therefore, the underlying dynamics for the vertical coupling
is illustrated by this event, in which the eddy is highly sur-
face intensified because of the sloping topography and the
energy is partially transferred downward through vertical
pressure work to force the abyssal TRWs. Furthermore, en-
ergetics and instability analyses suggest a dominant role for
BT in the energy transfer from background flow to eddies in
the Kuroshio intrusion region, which energizes the surface
perturbations most intensively for the looping path, followed
by the leaking and leaping paths. The characteristic scales of
the most unstable mode estimated by the reduced-gravity
model are analogous to the observations and account for the
rapid growth of surface perturbations in the Kuroshio intru-
sion region.

The observational findings in this study improve our under-
standing, which is largely based on numerical models, and
provide more details about the temporal evolution of the in-
teractions between the Kuroshio and the NSCS. However,
several issues remain to be addressed, such as the observa-
tion-based evaluation of BT versus BC in the Kuroshio intru-
sion region and the mechanism for the rapid dissipation of
TRWs near the Dongsha Islands. More full-depth observa-
tions and high-resolution models are necessary to advance
our knowledge of the redistribution and dissipation of energy
within the dynamic linkage between the open ocean and the
marginal sea.
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APPENDIX

Modeled Barotropic and Baroclinic Energy Transfer
between Background Flow and Eddies in the Kuroshio
Intrusion Region of the NSCS

To compare the roles for BT and BC in eddy-mean flow
interactions in the Kuroshio intrusion region, we conduct
the energetics analysis using the 3-hourly outputs of the Hy-
brid Coordinate Ocean Model + Navy Coupled Ocean
Data Assimilation global 1/12° Analysis (GLBv0.08; https://
www.hycom.org/) from 2013 to 2018. Based on the multi-
scale energy and vorticity analysis (MS-EVA; Liang 2016b),
we compute BT and BC between the background flow and
eddies. Details of the calculations can be found in Quan
et al. (2021a,b, 2022).

The results along the 119°E section of the NSCS are av-
eraged in the data period and are shown in Fig. Al. Consis-
tent with previous studies (Yang et al. 2013; Zhang et al.
2017), the energy transfer between the background flow
and eddies in the Kuroshio intrusion region mostly occurs

FIG. Al. Vertical profiles of (a) BT and (b) BC along the 119°E
section in the Kuroshio intrusion region of the NSCS (yellow rect-
angle in Fig. 1), based on the GLBv0.08 from 2013 to 2018. Note
that the positive values indicate a forward energy cascade from the
background flow to eddies, and vice versa.
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in the upper 1000 m, where BT overwhelms BC. This is
similar to theoretical studies (e.g., LaCasce et al. 2019;
Paléczy and LaCasce 2022) and numerical studies in the
Gulf of Mexico (e.g., Yang et al. 2020; Maslo et al. 2020),
which suggest a dominant role for BT in eddy-mean flow
interactions over sloping or rough topography.
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