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Abstract Subthermocline eddies (SEs) influencing ocean circulation are progressively known, yet their
extensive impact on the western Pacific undercurrent system remains largely unexplored and, in some regions,
often underestimated. Okubo-Weiss parameter analysis reveals a distinctive meridional pattern of cyclonic and
anticyclonic SE distribution in the interior western Pacific basin that aligns with zonally elongated mean flows.
These westward-propagating SEs play a pivotal role in regulating the formation of zonal undercurrents,
particularly off-equatorial regions, through the convergence of eddy potential vorticity flux. Along the Pacific
western boundary region, anticyclonic SEs typically enhance (reverse) the velocity of boundary currents
flowing northward (southward), primarily through barotropic energy conversion, while cyclonic SEs do the
opposite. To summarize, we provide a schematic map of the circulation system in the western Pacific and
emphasize the interconnected framework of undercurrents, particularly in relation to SEs.

Plain Language Summary Subthermocline eddies (SEs) are widespread in the western Pacific
Ocean, varying in size, depth, and speed. We've learned quite a bit about SEs and their influence on ocean
circulation. However, their significant impact on the undercurrent system in the western Pacific is still not well
understood and, in some regions, often underestimated. Using an eddy identification method, we have
uncovered a pattern of SEs in the western Pacific that matches the alternating eastward mean flows. These SEs
appear to play a role in shaping the tropical-subtropical eastward undercurrent system. Along the western
boundary, the northward (southward) undercurrents are strengthened by the SEs spinning clockwise
(counterclockwise). In summary, we provide a map of the western Pacific circulation system and highlight the
interconnected relationships between undercurrents and SEs.

1. Introduction

Oceanic eddies are swirling water motions with a lateral (temporal) scale of tens to hundreds of kilometers (days
to months), known as mesoscale, and approximately follow a geostrophic (hydrostatic) balance in the horizontal
(vertical) plane (Robinson, 1983). The majority of them exhibit strong nonlinearity ( U/c > 1) (Chelton
etal., 2011), where the average rotational speed (U) is faster than its translation speed (c). Consequently, they can
trap fluid as they translate, playing a role in distributing oceanic heat, salt, biogeochemical tracers, and pollutants
(Danabasoglu et al., 1994; Raeisi et al., 2020; Q. Wang et al., 2022). Oceanic eddies can also modulate the
strength and direction of major ocean currents and gyres, alternating their paths and intensities (Beech et al., 2022;
McWilliams, 2008).

Our understanding of surface eddies has significantly improved with the aid of satellite altimetry. However,
information about those below the thermocline is very limited, mainly due to the paucity of available observa-
tional data, which is often obtained from sporadic in situ measurements. Subthermocline eddies (SEs), typically
characterized by lens-like vertical structures (Song et al., 2022), are mostly invisible at the surface. Nevertheless,
they can significantly affect the circulation and transport of various properties in the ocean (e.g., heat, salt, and
oxygen) (McCoy et al., 2020; Nan et al., 2017; Thomsen et al., 2016; F. Wang et al., 2016).

The generation of SEs is typically triggered by the instability of undercurrents or planetary waves. Qiu
et al. (2015) suggested that the formation of westward-propagating SEs in the northwestern Pacific is primarily
driven by the nonlinear triad instability of wind-forced annual baroclinic Rossby waves. These eddies emerge
when westward-propagating Rossby waves break down due to the nonlinear triad instability. Additionally,
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Figure 1. General pattern of the surface (red arrows) and subsurface (blue arrows) currents and eddies in the western Pacific.
The surface currents and eddies are the North Equatorial Current, the Kuroshio Current, the Mindanao Current, the
Subtropical Countercurrent, the North Equatorial Countercurrent, the South Equatorial Current, the New Guinea Coastal
Current, the Indonesian Throughflow, Halmahera Throughflow, the Halmahera Eddy, and the Mindanao Eddy. The
subsurface currents and eddies are the North Equatorial Undercurrent, the Subtropical Deep Countercurrent, the Ryukyu
Current, the Luzon Undercurrent, the Mindanao Undercurrent, the North Equatorial Subsurface Current, the North
Subsurface Countercurrent, the Equatorial Undercurrent, the South Subsurface Countercurrent, Equatorial Intermediate
Current, Equatorial Deep Jets, the New Guinea Coastal Undercurrent, the New Ireland Coastal Undercurrent, and the
Subthermocline Eddy. Figure adapted from Cravatte et al. (2012), Kashino et al. (2013), Qiu et al. (2013), Thoppil

et al. (2016), Delpech et al. (2020), Hu et al. (2020), X. Li et al. (2020), Azminuddin et al. (2021), L. Zhang et al. (2021), and
Azminuddin, Jang, and Jeon (2022).

Chiang et al. (2015) proposed that the generation of these SEs can be attributed to the meridional movements of
the westward-flowing North Equatorial Current at the surface and the eastward-flowing North Equatorial Un-
dercurrent (NEUC) below the thermocline, along with their interactions with the underlying topography.

Based on sporadic in situ observations and Argo float data, SEs have been observed in many parts of the global
ocean, including four major ocean basins (Pacific, Atlantic, Indian, and Southern Oceans) and some marginal seas
(e.g., Mediterranean Sea, East Sea, and South China Sea) (Richardson et al., 2000; Xu et al., 2019; Yang
et al., 2019; Z. Zhang et al., 2017). Past studies have revealed the presence of mesoscale SEs in most western
Pacific regions, exhibiting varying horizontal length scales (80-300 km), core depths (200-600 m), and trans-
lation speeds (6-13 cm s7h (Chiang & Qu, 2013; Chiang et al., 2015; Nan et al., 2017; Xu et al., 2019).

The western Pacific is characterized by a complex ocean circulation system, including narrow alternating zonal
flows and intense boundary currents (see Figure 1). This regional current system plays a critical role in shaping the
western Pacific warm pool, a large area of warm water with sea surface temperatures above 28°C, and influencing
the life cycle of El Niflo-Southern Oscillation, making it a crucial element for the global climate (Hu & Cui, 1991;
Hu et al., 2020). SEs influencing the western Pacific circulation have been progressively known, but, in some
regions, their impacts are often underestimated and sporadically assessed (Azminuddin et al., 2021; Chiang &
Qu, 2013; Qiu et al., 2013; Yang et al., 2019; L. Zhang et al., 2014). This paper aims to elucidate the potential
extensive impact of mesoscale SEs on the regional undercurrent system in the western Pacific (west of 180°E and
10°S to 30°N), encompassing both the interior basin and western boundary regions.
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2. Methods
2.1. Eddy Identification Methods

This study utilizes the eddy kinetic energy (EKE) and Okubo-Weiss parameter (OWP) methods to identify SEs
using the velocity field data from the Global Ocean Reanalysis and Simulation Version 4 (GLORYS2V4).
GLORYS2V4 is a global ocean reanalysis data set, available at Mercator Ocean (https://marine.copernicus.eu).
This model has a horizontal resolution of 0.25° X 0.25° and encompasses 75 vertical layers. The available daily
data spans from 1993 to 2020. In our recent studies (Azminuddin et al., 2021, 2022a), we employed this model
and found that GLORYS2V4 consistently delivers the most reliable outcomes when simulating the sub-
thermocline circulation system across various regions in the western Pacific, notably around the MUC, EUC,
NEUC, and STDCC regions, in comparison to other widely utilized reanalysis models like the Hybrid Coordinate
Ocean Model (HYCOM) and the Oceanic General Circulation Model for the Earth Simulator (OFES). However,
given the reliance on a single reanalysis product, caution is advised, especially in regions with limited obser-
vational data where the model might not accurately capture local oceanographic conditions.

EKE is a commonly used parameter to identify oceanic eddies by determining the kinetic energy of the time-
varying component of the velocity. The EKE is simply computed as,

12 12
EKE=" """ ;—v M

where (1’ and v') are the zonal and meridional velocity anomalies relative to the time mean value from 1993 to
2020, respectively. However, this approach may capture a wide range of eddy variability, not solely isolating
mesoscale signals. The second method is OWP, which is a classical approach for identifying eddies by assessing
the relative contributions of deformation (i.e., shear strain and normal strain) and vorticity in the fluid flow. The
OWP can be defined as follows,

ov ou\ (ou ov\* [ov ou)’
owp= 24+ %) 4 (E_2) (-2 @)
dx dy ox dy dx dy

where (1 and v) are the zonal and meridional velocity, respectively, and (x and y) are the zonal and meridional
coordinates, respectively.

In Equation 2, the first, second, and third parentheses on the right-hand side represent the shear strain, normal
strain, and relative vorticity, respectively. The OWP method defines eddies when rotation predominates over
deformation. Thus, a negative OWP value indicates the presence of an eddy. In the OWP method, the threshold
value should be carefully specified by which eddies are defined depending on the eddy scale (Chelton
et al., 2011). Setting the threshold too high (low) may remove small eddies (merge small eddies into one large
eddy region). With a resolution of 0.25°, GLORYS2V4 partially resolves mesoscale eddies, particularly those
with a length scale over 100 km (Hewitt et al., 2020), while completely neglecting submesoscale eddies. Hence,
our study focuses solely on mesoscale SEs with a horizontal scale larger than 100 km and a lifetime exceeding
30 days. This is, of course, an incomplete representation of mesoscale SEs; however, it captures the dominant SEs
in the western Pacific (Xu et al., 2019). Through several experiments, the threshold value of 4 X 10™'* was applied
for the optimal identification of mesoscale SEs in the western Pacific (Figures S1a and S1b). To reduce the noise,
a 1° X 1° spatial filter is applied horizontally. In this study, we only consider the negative OWP values to map the
eddies based on their polarities. The positive OWP values, which correspond to non-eddy regions, are removed.
The eddy polarities are then classified as follows,

9
Cyclonic eddy : %C 570 3)

d a
Anticyclonic eddy : gvc - a—: <0 cy)
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2.2. Baroclinic and Barotropic Energy Conversions

Adapted from Eden and Boning (2002), barotropic (BTC) and baroclinic (BCC) energy conversions can be
calculated as follows,

2 (_op ——dp
BCC = —;g—(u’p’—p + v'p’—p> (5)
N2p, ox dy
—0u —0v —(dv ou
BTC = —pg|u/?> —+V?—+uVv'|—+— 6
Po [M 0x Y dy MV(ax 6y)] ©
where g, p, p,, and N? (N = —f—; Z—Z) represent gravitational acceleration, density, background density

(1,025 kg/m?), and the square of the buoyancy frequency, respectively. The density was derived from the
GLORYS2V4 model outputs of temperature and salinity. Variables with an upper bar and a prime symbol
represent the time mean value over the full period of study (1993-2020) and the anomaly relative to the time mean
value, respectively.

The BTC represents the energy conversion between the mean kinetic energy (MKE) and the EKE resulting from
the horizontal shear instability of the background flow, whereas the BCC denotes the energy conversion between
the eddy available potential energy (EAPE) and the mean available potential energy (MAPE) (Yan et al., 2019). A
positive BTC (BCC) indicates that MKE (MAPE) is converted into EKE (EAPE), while a negative BTC and BCC
signify the reverse direction of these respective energy transfers.

All calculations were conducted using depth coordinates. Subsequently, the depth coordinates of each derived
parameter were regridded to isopycnal (o) coordinates using density values derived from temperature and
salinity data sets obtained from GLORYS2V4.

3. Results and Discussion

Figure 2 presents the horizontal distributions of velocities, EKE, OWP, BCC, and BTC. The figure displays the
mean state of each parameter using daily mean data from 1993 to 2020. To capture most SEs in the western
Pacific, isopycnal layers ranging from 26.8 to 27.60, were chosen, as indicated by previous studies (Azminuddin
etal., 2021; Qiu et al., 2013; Qu et al., 2012; Song et al., 2022; Xu et al., 2019). Consequently, at the equator, the
Equatorial Undercurrent (EUC) is absent, and instead, the deeper eastward flows such as the South Subsurface
Countercurrent (SSCC), the Equatorial Deep Jets (EDJs), and the North Subsurface Countercurrent (NSCC)
emerge. Note that, not all eddies within this layer are necessarily SEs. Some of them may serve as vertical ex-
tensions of the surface eddies. Therefore, it is necessary to distinguish SEs from surface eddies. To exclude
surface eddies, this study omitted eddies that exhibited intensification (minimum OWP) in the upper thermocline.

3.1. Western Pacific Basin

Below the thermocline, this region exhibits alternating zonal currents (Figure 2a). Previous studies have revealed
a meridional pattern of eastward flows that shift northward with increasing depth, including the EUC, the NSCC,
three cores of the NEUC, and the Subtropical Deep Countercurrent (STDCC) (Figure 2g) (Azminuddin
et al., 2021; Y. Li et al., 2018; Nakano & Hasumi, 2005).

In the interior western Pacific basin, two regions exhibit relatively high EKE: the equatorial region and the
latitudinal band between 9°N and 19°N, with a higher EKE existing closer to the western boundary (Figure 2c).
Near the Philippine coast, the maximum EKE is centered at approximately 10.5°N, in agreement with Chiang
et al. (2015). This core shifts northward further east, reaching around 14°N at 180°E. Although the high EKE is
primarily concentrated in these two bands, the OWP results indicate the presence of SEs in nearly all regions
(Figure 2d).

One interesting feature is that cyclonic and anticyclonic SEs have a meridional pattern that lines up with the
latitudinal distribution of zonal undercurrents, including the SSCC, EDJ, NSCC, three cores of NEUC, and
STDCC (Figures 2a, 2d, and 2h). This pattern is especially clear south of 25°N. This similar meridional pattern
indicates a close association between the zonal undercurrents and the SEs.
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Figure 2. Horizontal distribution of (a) zonal velocity (cm s7h), (b) meridional velocity (cm s7h, (¢) Eddy kinetic energy (cm™2 s72), (d) Okubo-Weiss parameter (%I
OWP_||, 57, (e) baroclinic energy conversion (W m™2), and (f) barotropic energy conversion (W m™2) averaged over 26.8-27.60, density layers and from 1993 to
2020. The black arrows represent current vectors. The dotted arrows in (a) and (d) indicate the location of selected subsurface eastward currents. (g) Latitude-depth
section of zonal velocities (cm s™'; color shading) and potential density (o,; white and black contours) along 165°E from 1993 to 2020. Dashed contours in (g) denote the
zero zonal velocity. (h) Latitude profile of the normalized zonal velocity (black line) and £IOWP_,| (colored area) longitudinally using z-score normalization method
averaged over the western Pacific interior basin. The red (blue) colors in (d) and (h) indicate the cyclonic (anticyclonic) eddy regions defined from IOWP_j| with
negative (positive) vorticity. (i) Box plot of correlation coefficients between zonal velocity and surrounding Subthermocline eddie events from 1993 to 2020 in the North
Equatorial Undercurrent and Subtropical Deep Countercurrent regions. All parameters were estimated from GLORYS2V4.

Several possible mechanisms have been proposed to describe the dynamics of subsurface zonal flows in the
western Pacific, including wind forcing, baroclinic instability, turbulence rectification, and baroclinic Rossby
waves (Nakano & Hasumi, 2005; Nakano & Suginohara, 2002; Qiu et al., 2015). In this study, the similarity in the
latitudinal distributions of zonal velocities and SEs presented in Figure 2 strongly supports the idea of an eddy-
driven undercurrent mechanism, which is achieved through the convergence of eddy potential vorticity flux (Qiu
et al., 2013; Rhines & Holland, 1979).

Notice that each eastward flow is situated between the cyclonic SEs to the north and anticyclonic SEs to the south.
While the SEs propagate westward, most of them exhibit strong nonlinearity, with their average rotational speed
surpassing their translation speed (Xu et al., 2019). As a result, the time-mean zonally elongated eastward velocity
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may arise from the convergence of cyclonic swirling motions from the north and anticyclonic swirling motions
from the south.

The reason behind the meridional pattern of cyclonic and anticyclonic SEs remains unclear and needs further
investigation. It is possible that the northern (southern) side of the eastward flow preferentially sheds vortices with
cyclonic (anticyclonic) rotation. This is particularly plausible for the undercurrents around the equator, consid-
ering their relatively strong flow (Figure 2g). However, the NEUC and STDCC are too weak to generate SEs (Qiu
et al., 2013). Figure 2d shows a discontinuous meridional pattern of SEs, particularly between 5°N and 12°N to
the west of 170°E. The topographic features around 160°E-170°E, 5°N-12°N (Marshall Islands) appear to
obstruct the westward propagating SEs, as indicated by the low EKE and OWP to the west of this topographic
formation (Figures 2c¢ and 2d). This obstruction may account for the observed weakness in the southern core of the
NEUC (NEUC,, ~10°N) to the west of 170°E. In addition, the zonal undercurrents, which are observed more as
laminar flows with a zonally elongated pattern in the time-mean state (Figure 2a), act a little bit randomly at times,
likely attributed to the presence of numerous eddies (Figure S1). This implies that the position of these zonal jets
is not stable over time. Therefore, in this region, eddies are not likely sourced from the mean flow. Instead, the
westward propagating SEs significantly influence the formation of the mean zonal flows. Wind-driven Rossby
waves likely influence the propagation pattern of SEs and help establish the structure of the off-equatorial zonal
jets through the convergence of eddy potential vorticity flux.

In terms of temporal changes, we assessed whether changes in zonal current strength relate to nearby SE activity
by comparing the time series of zonal velocity and EKE of certain SEs along the STDCC and NEUC cores with a
mean velocity greater than 0.5 cm s~ . In this analysis, we only consider SEs within 100 km from the respective
eastward velocity core. Positive (negative) correlations were defined when the time series of EKE north (south) of
the eastward cores lined up with changes in zonal currents, with cyclonic (anticyclonic) SEs identified as positive
(negative) EKE. The results show a robust connection between zonal velocity and nearby SE activities in the
NEUC and STDCC regions, with an average correlation coefficient of approximately 0.7 (Figure 2i). This
confirms that intensified eastward velocity coincides with cyclonic (anticyclonic) SE to the north (south), while
weaker eastward flows correspond to the opposite trend, suggesting that SE recirculation has a significant effect
on how these undercurrents change over time.

To further examine the interaction between SEs and mean flow, we conducted analyses of BTC and BCC energy
conversions (see Figures 2e and 2f). In the interior basin, positive BTC and negative BCC predominantly
characterize the equatorial and off-equatorial regions, respectively. Conversely, the BTC (BCC) weakens in
higher (lower) latitude regions. This result indicates that the dynamics of the zonal undercurrent system in the
equatorial region differ from those in the tropical-subtropical region.

The eddy-driven mean flow, facilitated by the convergence of eddy potential vorticity flux mechanism through
baroclinic energy conversion, is specifically applicable to the eastward-flowing NEUC and STDCC, as evidenced
by the negative BCC. In contrast, the equatorial zonal flows appear to induce the formation of SEs primarily
through horizontal shear instability, leading to barotropic energy conversion, as indicated by a strong positive
BTC along the equator. This is reasonable, considering that the undercurrents around the equator are much
stronger than those at higher latitudes (Figure 2g). However, the forcings that set up these currents, which remains
one of the great challenges in physical oceanography, falls outside the scope of this study. The different ways that
zonal undercurrents work in the equatorial region compared to the tropical-subtropical region are consistent with
the findings of Menesguen et al. (2019).

3.2. Western Boundary Region

The Pacific western boundary region features intricate surface and subsurface circulation systems. Those include
the Kuroshio Current (KC), the Mindanao Current, and the New Guinea Coastal Current at the upper layer, and
the Ryukyu Current (RC), the Luzon Undercurrent (LUC), the Mindanao Undercurrent (MUC), and the New
Guinea Coastal Undercurrent (NGCUC) below the surface (Figure 1). These boundary currents, which are
directly exposed to the open ocean, are highly susceptible to the influence of propagating eddies, primarily
originating from the east (e.g., Chiang et al., 2015; Xu et al., 2019).

Figure 2c shows a high EKE along the western boundary, indicating a high concentration of SEs. Among all
regions, the Philippine coast exhibits the most intense SE activities. Chiang et al. (2015) suggested two groups of
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Figure 3. Time series of velocity (cm s™") (black line) of (a) the Ryukyu Current, (d) the Luzon Undercurrent, (g) the Mindanao Undercurrent, and (j) the New Guinea
Coastal Undercurrent from 1993 to 2020. The velocity values were estimated at the location indicated by the yellow circle in the corresponding right panels. The red and
blue colors represent the time series of cyclonic and anticyclonic eddy kinetic energy (cm™2 s~2), respectively, averaged over 26.8-27.60, density layers and spanning
two degrees offshore from the yellow circle. The second- and third-column panels display snapshots of Okubo-Weiss parameter (£xlIOWP_j|, ™) averaged over 26.8—
27.60, density layers on (b) 11 October 2006, (c) 10 February 2000, (e) 15 May 2005, (f) 26 August 2012, (h) 17 June 1998, (i) 26 October 1993, (k) 29 June 1995, and
(1) 22 October 1997. The black arrows represent current vectors. The vertical dashed lines in the first-column panels indicate the timing of snapshots in the second- and
third-column panels.

SEs near the Philippine coast: one originating from the central Pacific and the other from the New Guinea coast.
Previous studies also noted a distinct anticyclonic SE southeast of Mindanao Island (Azminuddin, Lee,
et al., 2022; L. Zhang et al., 2021). While its presence remains uncertain, the establishment of this eddy is
potentially due to the tilting of the Halmahera Eddy poleward with increasing depth (Kashino et al., 2013).

Early hydrographic observations have provided evidence for the significant contribution of SEs to the variations
of Pacific western boundary undercurrents (Ma et al., 2022; Yan et al., 2019; L. Zhang et al., 2014). To assess SE-
undercurrent interactions, we analyze the time series of velocity and EKE for each undercurrent (Figures 3a, 3d,
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3g, and 3j). The results show that anticyclonic SEs typically coincide with intensified northward-flowing
boundary currents (i.e., RC, MUC, NGCUC), while cyclonic SEs are associated with intensified southward-
flowing boundary currents (i.e., LUC). The findings also confirm that SE with opposite polarity typically ex-
ists during the reversed flow of these undercurrents. For example, during a strong southward-flowing LUC event
on 28 August 2012, the model results confirm that the subthermocline southward current east of Luzon Island was
part of the recirculation associated with a cyclonic SE, as shown in Figure 3f. In contrast, an anticyclonic SE can
temporarily reverse the water flow, causing it to become northward in this region (Figure 3e).

Energy conversion analysis results (Figures 2e and 2f) confirm that along the western boundary, SEs contribute to
energy transfer to the mean flow primarily through barotropic instability, as indicated by negative BTC,
particularly east of the Ryukyu Islands and the Philippine coast, in agreement with Yan et al. (2019). Abundant
anticyclonic SEs east of the Ryukyu Islands (Figures 2d and 3c) supply energy to the background mean flow,
enhancing the northward-flowing RC, in which the inverse energy cascade provides a route for SEs to dissipate
during their interactions with the RC. In contrast, the presence of cyclonic SEs would reverse this current.

The pronounced negative values of both BTC and BCC along the Philippine coast confirm the conversion of
kinetic and potential energies from SEs into the mean flow through barotropic and baroclinic instabilities,
respectively. This affirms that the prevailing anticyclonic SEs along the Philippine coast (Figure 2d) provide
energy to the background mean flow, strengthening the northward-flowing MUC and potentially contributing to
its generation (Qiu et al., 2015). These incoming SEs are intensified by background shear instability near the
Philippine coast, leading to high EKE, potentially causing intermittent northward-flowing MUC (Figure 3g). In
the same way, cyclonic (anticyclonic) SEs intensify (reverse) the southward-flowing LUC east of Luzon Island
(Figure 3d).

Not all SEs along the western boundary originate from the east; some are locally generated, as indicated by
positive BTC following negative BTC east of the Ryukyu Islands and the Philippine coast, signifying the con-
version of MKE to EKE due to horizontal shear instability of the background flow near the coast. Conversely,
along the New Guinea coast, positive BTC exists near the coast followed by negative BTC, indicating that, near
the coast, energy is primarily transferred from the MKE to EKE through the shear stress exerted by the existing
undercurrent (i.e., NGCUC). In this region, SEs often form due to the interaction of ocean currents with the
complex bathymetry and topography of the area (Chiang & Qu, 2013). The presence of the Ninigo Group (a group
of atolls, islands, and reefs) creates favorable conditions for SE generation primarily through barotropic insta-
bility. Negative BTC in the area away from the coast indicates that the SEs could have a feedback influence on
MKE along the New Guinea coast, potentially affecting NGCUC pathways and undercurrent linkages (Azmi-
nuddin, Jang, & Jeon, 2022).

To quantify the contribution of SEs to the modulation of boundary undercurrents, we compare the time series of
current velocity and SE events. Subsequently, we calculate the percentage of strong and weak (reversed) events in
each undercurrent that are associated with SE recirculation (Figures 3a, 3d, 3g, & 3j). We select a velocity of
10 ecm/s (MUC, LUC, and RC) and 20 cm/s (NGCUC) to denote strong events. Weak events are identified when
the velocity reverses.

The results show that SEs significantly influence the variations in most western boundary undercurrents. This is
especially true for the MUC, the LUC, and the RC, where SEs are responsible for over 54% of their strengthening
and weakening. Notably, anticyclonic SEs contribute to 84.6% (89.4%) of the MUC (LUC) intensification
(reversal), emphasizing their crucial role in the variation of undercurrents east of the Philippine coast. These
findings, along with the results of the energy conversion analysis, strongly support the idea that SEs exert a
pronounced influence on these currents. Specifically, anticyclonic SEs typically enhance (reverse) the velocity of
boundary undercurrents flowing northward (southward), while cyclonic SEs do the opposite.

Figure 1 displays a schematic map illustrating the circulation system in the western Pacific. Note that, in Figure 1,
we exclude surface eddies, with the exception of two quasi-stationary eddies, that is, the Halmahera and
Mindanao eddies. By this map, we emphasize that while individual undercurrent systems in the western Pacific
possess their unique properties, it is beneficial to consider them in an interconnected framework, particularly
through mutual interactions and external forcing. An external force that is fundamental to the dynamics of these
undercurrents is SEs. We believe that this point of view is essential to advance scientific knowledge of the un-
derlying processes below the surface in the Pacific and global oceans.
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4. Conclusions

SEs are widespread in the western Pacific, with notable concentrations east of the Philippine coast, east of the
Ryukyu Islands, the equatorial region, and within the latitudinal band between 9°N and 19°N. While SEs are
increasingly recognized for their influence on ocean circulation, their significant impact on the regional under-
current system in the western Pacific remains largely unexplored and, in some regions, often underestimated.
Using reanalysis model outputs, this study emphasizes the extensive impacts of SEs in regulating the formation
and variation of undercurrent systems in the western Pacific.

A meridional pattern of cyclonic and anticyclonic SEs distribution in the interior western Pacific aligns with
zonally elongated undercurrents, indicating their close association. The OWP and energy conversion results
indicate that nonlinear mesoscale SEs play a role in regulating the formation of tropical-subtropical un-
dercurrents, particularly the NEUC and the STDCC, primarily through baroclinic energy conversion and the
convergence of eddy potential vorticity flux. The time-mean eastward flow arises from the convergence of
cyclonic (anticyclonic) swirling motions from the north (south).

Along the western boundary, undercurrents east of the Ryukyu Islands and the Philippine coast, directly exposed
to the open ocean, are highly influenced by incoming SEs primarily from the east. The SEs impinge on the western
boundary, leading to significant variation in the intensity and structure of the undercurrent system, particularly the
RC, the LUC, and the MUC, where over 54% of their intensification and reversal are attributed to SEs. Our
findings confirm that anticyclonic SEs typically enhance (reverse) the velocity of boundary currents flowing
northward (southward) primarily through barotropic energy conversion, while cyclonic SEs do the opposite.
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