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Vertical distribution of
intraseasonal variation signals in
the Kuroshio Current source
area during 2018–2020
Haobo Gong1,2, Fujun Wang2,3*, Feng Liu1, Linlin Zhang2,3

and Dunxin Hu2,3

1Shandong University of Science and Technology, Qingdao, China, 2Key Laboratory of Ocean
Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China,
3Lao Shan Laboratory, Qingdao, China
In the Kuroshio Current (KC) source area, intraseasonal variation (ISV) plays a

significant role in dynamic oceanic processes. This study used data collected

from three moorings (122.7°E, 123°E, 123.3°E) along 18°N from January 2018 to

May 2020 to investigate the ISVs of meridional velocities. Notably, our findings

reveal that the ISV above 200 m has a period of approximately 56 days and its

intensity exhibits a gradual increase toward the west. For the 500–800 m depth

interval, the ISV period is 73 days at 122.7°E/18°N and 60 days at 123.3°E/18°N.

This discrepancy indicates that the ISVs have different vertical structures and

frequencies at 122.7°E and 123.3°E along 18°N. In particular, at 122.7°E/18°N, the

distinctiveness of two different periods of ISVs in surface and subsurface layers

was more pronounced in 2018 than in 2019. The analyses of eddy kinetic energy

distribution and eddy tracking indicate a connection between ISV in stratification

and locally generated mesoscale eddies in the KC source area. Specifically, the

stronger eddy activity in 2018, in contrast with that in 2019, correlates with a

more pronounced ISV. Energy analysis demonstrates a distinct positivity in the

baroclinic conversion rate (BC) in the surface layer (upper 200 m) of the KC

source region, surpassing the absolute value of the barotropic conversion rate

(BT). This finding indicates a notable shift of energy from eddy available potential

energy to eddy kinetic energy, strengthening the high-frequency ISV signals in

this area. In the subsurface layer, a strong negative BT is observed west of 122.8°

E, with its absolute value exceeding the BC. This finding indicates that the energy

is converted from eddy kinetic energy into mean kinetic energy, resulting in the

appearance of the Luzon Undercurrent (LUC) at mooring station 122.7°E/18°N,

characterized by a low frequency of ISV. Contrastingly, a positive BT plays a

dominant role at 123.3°E/18°N, leading to the disappearance of the LUC amid an

apparent presence of high-frequency ISV.
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1 Introduction

The North Pacific Low Latitude Western Boundary Current

(WBC) system plays an important role in the global climate and

ocean material cycle due to its complex three-dimensional structure

and strong multi-scale variabilities (Lukas et al., 1996; Hu et al.,

2015). The Kuroshio Current (KC), generated by the bifurcation of

the North Equatorial Current (NEC) east of the Philippine coast

(Zhai et al., 2014), flows northeast along the Philippines and partly

enters the South China Sea through the Luzon Strait (Chao, 1991;

Qu, 2001; Wu and Chiang, 2007; Qu et al., 2009). The remainder

flows into the eastern area of Taiwan Island, the East China Sea, and

the southeastern region of Japan (Hu et al., 2015). Beneath this

current, a southward subsurface flow called the Luzon

Undercurrent (LUC) exists, which was discussed by Qu et al.

(1997) through 14 repeated hydrological observations along 18°N.

In recent years, the velocity structure and origin of the LUC have

been extensively studied (Xie et al., 2009; Hu et al., 2013).

As important components of the WBC, the multi-scale temporal

variations in both the KC and the LUC have been a focal point of

extensive attention and research in recent years. Chen et al. (2020) used

high-resolution mixed-coordinate ocean model reanalysis data from

1992 to 2016 to show that large-scale wind forcing in the tropical

western Pacific plays a dominant role in the interdecadal variation in

KC intrusion into the South China Sea. The results showed that the

interannual variation in the KC was closely related to the bifurcation

latitude of NEC and El Niño/Southern Oscillation (ENSO) (Qiu and

Joyce, 1992; Qiu and Lukas, 1996; Zhai and Hu, 2013). At the seasonal

time scales, Chen et al. (2015), using two sets of mooring data of the 18°

N section, highlighted the seasonal dynamics of the KC, emphasizing

its comparative strength during the spring and summer in the northern

region and comparative weakness in autumn. Hu et al. (2013) argued

that the LUC exhibits an increased intensity during the boreal winter

while being comparatively weaker in spring.

At the intraseasonal time scales, Wang et al. (2014) used

numerical simulation results to demonstrate that KC and LUC

have significant intraseasonal variations at their origins. The change

in the KC in the upper 500 m was discussed with onboard

observations along 18°20’N in December 2006 and January 2008

but the measurement range did not cover the LUC completely

(Kashino et al., 2009). Using direct measurements of three sets of

Acoustic Doppler Current Profiles (ADCPs) deployed at 18°N east

of Luzon Island between February 2018 and May 2020, Wang F.

et al. (2022) found a significant intraseasonal signal with a period of

50–60 days in the upper KC source region. Hu et al. (2013) pointed

out that the maximum southward velocity of LUC was around 650

m, and the LUC had a significant intraseasonal signal of 70–80 days

based on direct measurements of ADCP at 18°N/122.7°E, which

was closely related to the mesoscale eddies propagating westward.

In this study, the significance of intraseasonal variations (ISVs) was

assessed by calculating the percentage of the standard deviation of

20–90 day band-pass filtered sea surface height anomalies (SSHa) to

the standard deviation of the daily SSHa (Figure 1). The percentage

of ISVs in the KC region is between 40% and 60%, with an average

of 50%. Therefore, it can be concluded that ISVs are of great
Frontiers in Marine Science 02
significance to the KC region. In the coastal areas of Luzon

Island, the percentage of ISVs is greater than 50%.

Generally, the strong intraseasonal signals in the Philippine Sea are

due to the influence of mesoscale eddies, intraseasonal long Rossby

waves, nonlinear and Madden Julian Oscillation (Lin et al., 2005; Hu

et al., 2013; Qiu et al., 2015; Hu et al., 2018). Investigations have shown

that the impact of high-energy mesoscale eddies is very important for

the KC east of the Philippines (Gilson and Roemmich, 2002; Chiang

et al., 2015; Wang et al., 2016). Qiu et al. (2015) pointed out that the

sub-thermocline western boundary circulation could divide into two

components governed by distinct dynamical processes.

Previous studies have shown that the KC has a significant ISV of

20–120 days east of the Luzon Strait (Liang et al., 2008; Yang et al.,

2012; Lien et al., 2014; Tsa et al., 2015; Wang and Oey, 2016; Andres

et al., 2017; Wang et al., 2017). In contrast, few studies focused on the

vertical distribution of ISVs in the KC source area because of a lack of

in situ observations. Utilizing data obtained from three moorings

strategically deployed at 18°N between January 2018 and May 2020,

in conjunction with satellite altimeter data and outputs from the

Ocean General Circulation Model (OGCM) for the Earth Simulator

(OFES), this study investigates the characteristics and dynamic

mechanisms of two types of ISVs observed in the KC source region.
2 Data

2.1 Acoustic doppler current profilers

To observe the western boundary current east of Luzon Island, we

conducted a study with the support of the Northwest Pacific Ocean

Circulation and Climate Experiment. Three moorings were

strategically deployed at 122.7°E (M1), 123°E (M2), and 123.3°E

(M3) along 18°N in January 2018 and successfully recovered in May

2020 (Figure 1). Each mooring was equipped with two 75kHz ADCPs

positioned at a depth of around 450 m to measure the flow velocities.

The ADCPs at moorings were configured to 60 bins/per hour and 8m/

per bin so that the two ADCPs could capture flow velocity in the upper

900 m. Notably, the downward-looking ADCP at M2 was broken, and

the measurement depth was, therefore, limited to 450 m. To eliminate

the tidal signal, the original measured data were averaged to daily data

for the purposes of this paper. The mooring data are available at the

Marine Science Data Center of the Chinese Academy of Sciences

(http://dx.doi.org/10.12157/iocas.2021.0017).
2.2 Global sea surface height dataset

This study utilized a global sea surface height dataset from January

1993 to December 2021, with a spatial resolution of 0.25° × 0.25°. The

ISVs in the KC source region were investigated using daily SSHa and

correspondingly calculated sea surface geostrophic velocities, covering

the period from January 2018 to May 2020. These products were

obtained through the Archiving, Validation, and Interpretation of

Satellite Oceanographic Products on the website https://

marine.copernicus.eu/.
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2.3 OFES output

Based on the MOM3 mode of Geophysical Fluid Dynamics

Laboratory/National Oceanic and Atmospheric Administration, the

OFES outputs cover an area of 75°S–75°N with a horizontal spatial

resolution of 0.1° (Masumoto et al., 2004). This data set is divided

into 54 layers with a variable resolution with depths from 2.5 to

5900 m. The data can be downloaded at the Asia-Pacific Data

Research Center (http://apdrc.soest.hawaii.edu/data/data.php) at

the University of Hawaii.
2.4 Eddy detection and tracking algorithm

In the last few decades, several studies have revealed distinct

characteristics in eddy velocity fields (Olson, 1991; Dickey et al.,

2008). These features include minimum velocities in the proximity

of the eddy center and tangential velocities that increase

approximately linearly with distance from the center before

reaching a maximum value and then decaying.

Utilizing satellite and OFES data, we applied the automatic eddy

detection algorithm for the high-resolution numerical product to

detect eddies (Nencioli et al., 2010). The algorithm primarily uses

some of the features of the mesoscale eddy velocity field and has

four constraints: (a) in the east-west direction, the meridional
Frontiers in Marine Science 03
velocity (u) changes symbol after passing through the center of

the eddy and increases away from the center of the eddy; (b) in the

north-south direction, the latitude velocity (v) changes symbol after

passing through the center of the eddy, increases as it moves away

from the center of the eddy, and aligns with the rotation of u; (c)

there is a local minimum of the flow rate in the center of the eddy;

(d) the direction of the velocity vector changes with continuous

rotation in the center of the eddy, and the orientation of the two

adjacent velocity vectors must be within the same or two adjacent

quadrants of the eddy center. To effectively prevent eddy trajectory

splitting, the search area selected in this study was 75 km.
3 Results

3.1 Mean meridional velocity structure

The time series of meridian velocities measured by ADCP at 122.7°

E, 123°E, and 123.3°E along 18°N are shown in Figure 2. The KC is

mainly distributed in the upper layer of 400 m, and its instantaneous

velocity maximum on the sea surface can reach 2.5 m s-1 at 122.7°E and

gradually decrease to 0.8 m s-1 at 123.3°E. There are clear seasonal

variations at three stations in 2019, all being comparatively stronger in

winter, spring and summer and weaker in autumn. In comparison, the

mooring data at three stations do not show evidence of significant
FIGURE 1

Annual mean ratio (color, percentage) for the standard deviation of 20–90 day band-pass filtered SSHa relative to the standard deviation of SSHa
during 2018–2020, with three black circles indicating the location of three mooring stations.
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seasonal cycles in 2018. In the upper 200 m, the amplitude of the KC

increases westward withmost velocities exceeding 0.50m s-1 during the

observation. There is a non-permanent southward LUC below the KC.

At 122.7°E, the LUC only existed in May and June 2018, with a

maximum velocity of 0.47 m s-1; however, in 2019, LUC became

stronger and persisted over a longer period.

Using the observations of three moorings, the averaged

meridional velocity distribution along 18°N was obtained by

interpolation (Figure 2D). We found that the KC is mainly

positioned above 400 m, its core is located west of 122.7°E, and

the maximum northbound velocity is greater than 0.6 m s-1. The

intensity of the KC decreases with increasing longitude and depth.

The LUC is mainly located west of 123°E, with a core depth of about

750 m and a maximum southward velocity of about 0.04 m s-1.
3.2 Intraseasonal variability of KC and LUC

The LUC and KC exhibit significant intraseasonal variability

(Ma et al., 2022). To better understand ISVs, we performed power

spectral density (PSD) analysis on the meridional flow of three

moorings at depths of 0–800 m. As shown in Figure 3, there are

significant intraseasonal signals of 50–60 days and 80–100 days in

the upper layers at three stations, and the intensity of the 50–60
Frontiers in Marine Science 04
days in the surface layer (0–200 m) gradually weakens from west to

east, indicating that the signal is the strongest in the west. In the

subsurface layer (500–800 m), there is a significant intraseasonal

signal of 70–90 days at the M1 station but only 50–70 days

intraseasonal signal at the M3 station.

According to the observations, the peak PSD at M1 lacks

coherence throughout the water column; hence, it is appropriate

to calculate the power spectrum of the meridional flow in the

surface and subsurface layers (Figures 4A, B, respectively). The

surface intraseasonal spectral peak has a predominant peak of 56

days above 200 m, while the subsurface intraseasonal spectral peak

is 73 days, which is consistent with the result shown in Figure 3. In

comparison, the spectral peak in the surface layer at the M3 site is

56 days, while the peak in the subsurface layer is 60 days

(Figures 4C, D).

To distinguish the two different periods of ISVs, the time series

of the meridional flow at the M1 site under 10–60 day band-pass

and 60–120 day band-pass filter are shown in Figure 5. The

depiction highlights the vertical distribution of ISV signals

characterized by two different frequencies. Higher-frequency ISV

signals primarily exist in the surface layer above 200 m, and lower-

frequency ISV signals typically appear below 400 m. In addition, the

same filter was performed on M3 in Figures 5C, D. The intensity of

high-frequency ISV in the surface layer was significantly lower than
A

B

D

C

FIGURE 2

From January 2018 to May 2020, the meridional velocities observed at 18°N, (A) 122.7°E (M1), (B) 123°E (M2), and (C) 123.3°E (M3); (D) the time
average of meridional velocities along 18°N based on three stations. Northward flow is set as positive (unit: m s-1).
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that at M1, confirming the westward enhancement of the surface

ISV. Similarly, the intensity of low-frequency subsurface ISV on M3

was significantly weaker than on M1.

The percentage of two types of ISVs in the total velocity variance at

each depth derived from the mooring ADCP measurements is

presented in Figure 6. The blue/red line is calculated by dividing the

standard deviation of themeridional velocities under 10–60 d/60–120 d

by that of the original meridional flows. At the M1 station, the

contribution of high-frequency ISV above 150 m is greater than

50%. Its peak occurs at 150 m and gradually falls to about 30% with
Frontiers in Marine Science 05
the increase in depth (Figure 6A). The contribution of low-frequency

ISVs is small in the upper layer of 200m and tends to decrease with the

increase in depth. Below 200 m, it increases with depth to more than

40%, exceeding the contribution of high-frequency ISVs. The two types

of ISVs exhibit distinct vertical structures and frequencies at the M1

site. As shown in Figures 6B, C, corresponding calculations showed

that the increase/decrease structure of the subsurface ISV signals was

more pronounced in 2018 than in 2019. Conversely, at the M3 station,

the high-frequency ISV consistently assumes a dominant role

(Figures 6D-F).
A B

DC

FIGURE 4

Power spectral of the meridional velocities in surface layer (0–200 m) and subsurface layer (500–800 m) obtained from ADCP measurements on M1
stations for (A, B) and on M3 stations for (C, D). The red dashed line indicates the 95% significance level. Units are m2/(s2 cycles per day [cpd]).
A B C

FIGURE 3

Power spectral density of the meridional velocities at (A) M1, (B) M2, and (C) M3 with depths during observation. Units are m2/(s2 cycles per
day [cpd]).
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A B

DC

FIGURE 5

(A) 10-60 day band-pass filtered meridional velocities at M1. (B) 60-120 day band-pass filtered meridional velocities at M1. (C, D) are the same as (A,
B), but at M3. Units are m s-1.
A B

D E F

C

FIGURE 6

Percentage of two types of ISV signals in the total velocity variance at each depth derived from the mooring ADCP measurements. Blue and red lines
indicate the meridional velocities under 10–60 d and 60–120 d band-passed filters, respectively. (A–C) represent the total time series, 2018, and
2019 on M1, respectively; (D–F) indicate those on M3.
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3.3 Vertical distribution of EKE east of the
Luzon strait

In this analysis, ADCP data at M1 and M3 stations are

employed to investigate the spatial distribution of ISVs along 18°

N. Figure 7 presents the calculated time series of eddy kinetic energy

(EKE) at both stations, utilizing the following formula:

EKE =
1
2
(u02 + v02),

where u0and v0 represent zonal and meridional velocity

anomalies filtered by the 20–90 day Lanczos band-pass filter.

Generally, the EKE on M1 and M3 was stronger in 2018 than in

2019. In the surface layer, the EKE at the M1 station was stronger

than that at the M3 station, suggesting a prevailing westward

strengthening trend. However, in the subsurface layer, the EKE at

M3 was stronger than that at M1 in 2018. Furthermore, the ISV

signals were not obvious at either station in 2019, with only a

singular peak occurring in July.

Generally, the OFES output is consistent with observations and

has been widely used in numerous studies (Zhang et al., 2014; Xu

et al., 2019; Zhang et al., 2021). Wang Z. et al. (2022) compared

velocity anomalies from OFES output at 800 m at 13°N/130°E from

October 2014 to October 2015 with ADCP measurements, both of

which showed significant ISVs. Zhang et al. (2021) demonstrated a

strong agreement between the OFES output transports at 8°N/127°

E during the period from December 2010 to August 2014, aligning

well with mooring measurements. The study also presented a

reliable reproduction of the seasonal signal of subsurface EKE.
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To explore why the intraseasonal signals in 2018 were stronger

than in 2019, the annual averaged EKE in the surface layer and

subsurface layer in 2018 and 2019 is depicted in Figure 8. In the

surface layer, the EKE north of Luzon Island and east of Taiwan

Island was much higher in 2018 than in 2019. In the subsurface

layer, the high EKE around the mooring stations in 2018 occurred

predominantly in the 18°N–20°N region, while the high EKE region

in 2019 was predominantly north of 20°N. Around three mooring

stations, stronger eddy activity in 2018 led to a more pronounced

enhanced ISVs compared with that in 2019 (Figures 6).

Using the OFES output, Figures 9 illustrates the annual mean

distributions of vertical EKE from 2001 to 2019. Along the coast of

Luzon Island (122°E–124°E), the eddy activity was concentrated in

the surface layer at 200 m and gradually intensified northward, as

illustrated in Figure 9A. Along the 18°N zonal axis, as depicted in

Figure 9B, the eddy activity in the surface layer is notably intensified

along the coastal region, which is consistent with the result from

Figure 7. At the latitude of 18°N where the mooring is located, there

is a clear EKE peak below 400 m both in Figures 9A, B.

Consequently, the vertical distribution of the two types of ISVs is

mainly caused by locally generated surface and subsurface eddies.
3.4 Eddy detection

Although ADCP measurements capture the vertical structure

and ISV of KC/LUC, these single-point observations are still

insufficient to describe the spatial structure of KC/LUC. The time

series of geostrophic velocity obtained by satellite altimetry is
A

B

FIGURE 7

Time series of EKE (unit: cm2 s-2) calculated from mooring observations on (A) M1 and (B) M3 between January 2018 and May 2020.
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consistent with the mean value of the 150 m upper layer measured

by ADCP (Wang F. et al., 2022). This observation indicates that the

satellite altimeter data effectively captures the sea surface ISV signal,

as observed by the mooring. Consequently, the satellite altimetry

products prove convenient to investigate the ISVs in the KC

source region.

Figure 10A shows a time-longitude diagram of the SSHa along

the latitude 18°N. The ISV signals of SSHa clearly propagate

towards the west. Its phase velocity was calculated as -0.11 m s-1,

which was consistent with the phase velocity of the first baroclinic

Rossby wave at 18°N (Chelton and Schlax, 1996). Furthermore, the

intensification of westward-propagating eddies in the KC region is

apparent west of 140°E, aligning closely with the westward-

enhanced ISV signals. The ISV of the KC may be related to

baroclinic Rossby waves and eddies.

Figure 10B shows the time-longitude diagram of the subsurface

meridional velocity anomaly under 60–120 day band-pass filter east

of the KC source area along 18°N. Similarly, the ISV signals

gradually increase as they move westward. In July 2019, the

reversal of the LUC (Ma et al., 2022) resulted in a strong positive
Frontiers in Marine Science 08
meridional velocity anomaly in the subsurface layer. This

occurrence was consistent with the enhancement of subsurface

EKE on the M1 station in July 2019.

Satellite altimeter data and OFES output data from 2018 and

2019 were employed to detect surface and subsurface eddy

trajectories over a two-year period. Assuming that the initial

position of each eddy trajectory represents its generation position,

the results of the eddy tracking are shown in Figure 11. The number

of eddies is counted in each 2° × 2° box. At the sea surface, a large

number of eddies are generated between the western boundary and

145°E, as depicted in Figures 11A, C. The majority of these eddies

propagate westward, with a velocity close to the first baroclinic

Rossby (Qiu and Chen, 2010), a phenomenon regulating the ISV of

the surface current (Figure 10A). Notably, more eddies were

generated near the mooring area in 2018 than in 2019. These

eddies strengthened west of 140°E, resulting in stronger

intraseasonal signals in the surface layer along the western

boundary in 2018. In the subsurface layer, a smaller number of

eddies were generated during the two-year period, with 163 and 126

subsurface eddies in 2018 and 2019, respectively, the majority
A

B D

C

FIGURE 8

Averaged EKE (unit: cm2 s-2) in the (A) surface layer and (B) subsurface layers in 2018 and (C) surface layer and (D) subsurface layers in 2019 based
on OFES outputs. The black circles denote three moorings.
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occurring in close proximity to the western boundary and around

140°E. Most of the subsurface eddies also tended to move westward,

affecting the ISV of subsurface currents (Figure 10B).
3.5 Energy analysis

Ocean eddies derive their energy from both horizontal and

vertical shear instability in the ocean interior (Qiu and Chen, 2004;

Qiu et al., 2009; Qiu et al., 2015). To evaluate the contribution of

barotropic and baroclinic instability in regulating surface and

subsurface ISVs, we calculated the barotropic conversion rate

(BT) and baroclinic conversion rate (BC) in surface and

subsurface layers from 2001 to 2019 based on the OFES output.

BT = −½u0
u

0 ∂ ~u
∂ x

+ u
0
v
0
(
∂ ~v
∂ x

+
∂ ~u
∂ y

) + v
0
v
0 ∂ ~v
∂ y

�, BC = −(
g
r0

r
0
w

0
),

where u0 and v0 are zonal and meridional velocity anomalies

under the 20–90-day band-pass filter; ~u and ~v under 90 day of low-

pass filter were used as the background ocean states; r0 and w0 are
potential density and vertical velocity under 20–90 day band-pass

filter; g and r0 represent the gravitational constant and background

potential density, respectively.

Time-averaged BT and BC in the surface layer are depicted in

Figures 12A, B. A notable concentration of strong positive BT was

observed north of Luzon Island, while the negative values were
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observed off the coast of the Philippines, which transitioned to

positive values in the southeastern Philippine Sea. The BC is

distinctly positive near the Luzon Strait south of Taiwan Island

and off the northern coast of the Philippines, before turning

negative south of 8°N. In the surface layer of three mooring

stations, the calculated positive BC surpasses the absolute BT,

indicating a significant energy shift from the eddy available

potential energy to the eddy kinetic energy in this region. The

enhanced eddy activities mean that more eddies move through the

KC source area in a constant period, that increases the likelihood of

strengthened surface high-frequency ISVs. In Figures 12C, D, the

BC in the subsurface layer is consistently positive north of 10°N,

while BT has a large negative value along the western boundary. To

compare the vertical structure of BT and BC quantitatively, the

longitude-depth of BT and BC along 18°N is averaged from 2001 to

2019, based on OFES output calculated in Figure 13. In the

subsurface layer, a pronounced negative BT prevails west of

122.8°E, while the positive BC is notably smaller than the

absolute value of BT. Consequently, at the M1 station, the

dominant influence is attributed to the BT. As the negative BT

converts the eddy kinetic energy into mean kinetic energy, the LUC

characterized by a low frequency of ISV with a period of 70–80 days

exists on M1. On the M3 station in the subsurface layer, the BT

turns from negative to positive, and the positive BC is smaller than

the positive BT. This results in LUC not having sufficient kinetic

energy, which is consistent with the observed absence of LUC at
A

B

FIGURE 9

During the period 2001–2019, the averaged EKE (unit: cm2 s-2) based on the OFES output: (A) between 122°E and 124°E, (B) long 18°N. The black
dotted line represents the M1 station.
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A B

FIGURE 10

(A) Based on satellite data, 10–60 day band-pass filtered SSHa (unit: m) along 18°N during 2018–2019; (B) the meridional velocity anomalies (unit: m
s-1) under 60–120 day band-pass filter in 500–800 m along 18°N during 2018–2019 from OFES output. The black dotted line represents the
M1 station.
A

B D

C

FIGURE 11

Spatial distribution of the eddy numbers generated in the 2° × 2° box (A) at sea surface in 2018 with satellite data, (B) in subsurface layer in 2018
from OFES data, (C) at sea surface in 2019 with satellite data, and (D) in subsurface layer in 2019 from OFES data.
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123.3°E/18°N. Consequently, there is no discernable subsurface

low-frequency ISV enhancement at the M3 site.
4 Discussion and conclusions

Utilizing ADCP measurements at longitudinal positions 122.7°

E, 123°E, and 123.3°E along the 18°N latitude in the KC source

region from 2018 to 2020, an investigation of the vertical

distribution of ISVs was carried out. During the observation

period, the averaged KC was primarily situated above 400 m with

a maximum flow of about 0.6 m s-1, and its core was located west of

122.7°E. The LUC below the KC is located west of 123°E and below

500 m with a core at 750 m. PSD analysis indicated that the

meridional surface KC had a 56-day ISV signal, exhibiting a

westward propagation and strengthening trend. In comparison,

the subsurface at 122.7°E/18°N exhibited a more prolonged

period of enhanced ISV signals (73 days), while the subsurface at

123.3°E/18°N recorded a shorter duration of 60 days of ISV signals.

As westward propagating mesoscale eddies are an important

source of the oceanic ISV in the Philippine Sea (Hu et al., 2018), the

eddy trajectories that can affect surface and subsurface eddies at 18°

N, 122.7°E are depicted in Figure 14. Most eddies that can affect the

mooring position (within 150 km frommooring stations) are locally

generated between the western boundary and 130°E. These eddies
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propagate westward and then dissipate before reaching the western

boundary, which plays an important role in the ISV of the KC. As

the EKE distribution and eddy tracking analysis indicates that 2018

is an eddy-rich year, the seasonal variability of the KC was not

distinct, and the strengthening/weakening trend of the two types of

ISVs along the coast was more pronounced in 2018.

The interaction of mean currents and eddies has a non-

negligible impact on ISV (Hu et al., 2013; Wang F. et al., 2022).

Yan et al. (2019) pointed out that both barotropic and baroclinic

instabilities contribute to the generation of eddy kinetic energy in

the KC region north of 20°N. In the KC source region, the baroclinic

conversion plays a dominant role in the surface layer, signifying an

energy shift from the mean current to eddies and the presence of

strengthened surface high-frequency ISVs. Combined with the

spatial distribution of the eddy numbers and the eddy trajectories

in the same period, eddies in the subsurface layer are relatively fewer

in number and predominantly situated at western boundary. The

strong negative BT at 122.7°E/18°N converts the energy from the

eddy into the mean flow. This phenomenon increases the likelihood

of the appearance of LUC at the M1 station. At the M3 station, the

BT turns from negative to positive and the positive BC is smaller

than the positive BT, suggesting the LUC not having sufficient

kinetic energy. As the LUC is characterized by a low frequency of

ISV, the two types ISV signals are more distinct at the M1 station

than at the M3 station.
A B

DC

FIGURE 12

Averaged (A) barotropic conversion rate and (B) baroclinic conversion rate in the surface layer (0–200 m) from 2001 to 2019, followed by based on
OFES outputs; (C) and (D) are the same as (A) and (B), but in the subsurface layer (500–800 m). The black circles denote three moorings. Units are
m2 s-3.
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A

B

FIGURE 13

Vertical (A) barotropic conversion rate and (B) baroclinic conversion rate along 18°N averaged from 2001 to 2019 based on OFES output. The black
dotted lines represent the M1 and M3 stations. Units are m2 s-3.
A

B

FIGURE 14

(A) Trajectories of eddies (red curve) calculated from satellite data in 2018–2019 that can arrive at 18°N, 122.7°E, (B) Same as (A), but for subsurface
eddy obtained from the OFES outputs during the same period. The green dots denote the starts of those eddies, and the black dots denote
their destinations.
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