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ABSTRACT

Subthermocline western boundary circulation along the low-latitude North Pacific Ocean (2°-25°N) is
investigated by using profiling float and historical CTD/expendable CTD (XCTD) data and by analyzing an
eddy-resolving global OGCM output. In contrast to the existing paradigm depicting it as a reversed pattern of
the wind-driven circulation above the ventilated thermocline (i.e., depth < 26.8 o), the subthermocline
western boundary circulation is found to comprise two components governed by distinct dynamical processes.
For meridional scales shorter than 400 km, the boundary flows along the Philippine coast exhibit convergent
patterns near 7°, 10°, 13°, and 18°N, respectively. These short-scale boundary flows are driven by the sub-
thermocline eastward zonal jets that exist coherently across the interior North Pacific basin and are generated
by the triad instability of wind-forced annual baroclinic Rossby waves. For meridional scales longer than
400 km, a time-mean Mindanao Undercurrent (MUC) is observed from 6° to 13°N together with another
northward-flowing boundary flow beneath the Kuroshio from 16° to 24°N. Rather than remote eddy forcing
from the interior Pacific Ocean, both of these broad-scale subthermocline boundary flows are induced by bar-
oclinic instability of the overlying wind-driven western boundary currents, the Mindanao Current, and Kuroshio.
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1. Introduction

The large-scale ocean circulation above the wind-
driven ventilated thermocline in the northwestern
Pacific basin (i.e., depth above 26.8 o, or ~500m) is
relatively well established. As depicted schematically
by blue arrows in Fig. 1, the dominant wind-driven flows
in the region include the North Equatorial Current
(NEC) carrying the meridional Sverdrup transport
westward along the zero wind stress curl latitude of
~14°N [see Imawaki et al. (2013) and references
therein]. After impinging upon the Philippine coast, the
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NEC bifurcates into the northward-flowing Kuroshio
and the southward-flowing Mindanao Current (MC),
the two prominent western boundary currents in the
North Pacific Ocean (e.g., Toole et al. 1988; Qiu and
Lukas 1996). Heading equatorward and at the south-
ern tip of the Mindanao Island near 5°N, a signif-
icant portion of the MC veers eastward to form the
North Equatorial Countercurrent (NECC), with the
remaining portion intruding westward into the Celebes
Sea and providing the source water for the Indonesian
Throughflow (ITF; Lukas et al. 1991; Gordon and Fine
1996; Kashino et al. 2001). Serving as a boundary be-
tween the wind-driven North and South Pacific tropical
gyres, the NECC is known to exhibit quasi-stationary
meanders with ridges appearing near 130° and 140°E,
respectively. The commonly known Mindanao Eddy
and Halmahera Eddy are dynamically related to the
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FI1G. 1. Schematic circulation features within the ventilated ther-
mocline (depth < 400 m; blue arrows) and within the intermediate
depth (500-2000 m; red arrows) in the western North Pacific. LUC,
MUC, MC, ME, HE, NEUC, and ITF stand for Luzon Un-
dercurrent, Mindanao Undercurrent, Mindanao Current, Mindanao
Eddy, Halmahera Eddy, North Equatorial Undercurrent, and In-
donesian Throughflow, respectively.

trough and ridge of the NECC'’s first quasi-stationary
meander (e.g., Kashino et al. 2013).

North of the NEC bifurcation, the Kuroshio turns
into a coherent and identifiable boundary jet east of
Luzon Island at 16°-18°N (e.g., Centurioni et al. 2004;
Gordon et al. 2014). The Kuroshio strengthens further
as it passes by the Luzon Strait and east of Taiwan be-
cause of the addition of mass transport from the wind-
driven interior Sverdrup gyre. Moored current meter
observations show that the Kuroshio has a mean volume
transport of 15.0 Sverdrups (Sv; 1Sv = 10°m’s ™) east
of Luzon Island and 21.5 Sv east of Taiwan (Johns et al.
2001; Lee et al. 2001; Lien et al. 2014). North of 24°N,
the main part of the Kuroshio enters the East China
Sea, and the other part branches eastward to form the
Ryukyu Current east of the Ryukyu Island chain (e.g.,
Zhu et al. 2003; Nakamura et al. 2007). East of 130°E,
the Ryukyu Current joins the Kuroshio of the East
China Sea after the latter exits the Tokara Strait, and
together they form the downstream Kuroshio and its
extension south and southeast of Japan.

The Kuroshio path and transport in the latitude band
from 18° to 24°N are highly variable due to the energetic,
westward-propagating mesoscale eddies from the in-
terior ocean (Zhang et al. 2001; Gilson and Roemmich
2002). These impinging eddies have a dominant period

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 45

of 100 days and are generated along the North Pacific
Subtropical Countercurrent (STCC) as a result of baro-
clinic instability between the surface eastward-flowing
STCC and the subsurface westward-flowing NEC (Qiu
1999; Kobashi and Kawamura 2002). Perturbations in-
duced by these impinging eddies force part of the
northward-flowing Kuroshio to divert to the east of the
Ryukyu Island chain, contributing to the formation of
the nascent Ryukyu Current (Ichikawa et al. 2004;
Andres et al. 2008).

It is worth emphasizing that these circulation features
above the main thermocline are not only observationally
well established, they are also dynamically adequately
understood within the framework of the Sverdrup dy-
namics and ventilated thermocline theory (Talley 1985;
Huang and Qiu 1994; Kobashi and Kubokawa 2012).
Compared to this upper-ocean circulation pattern, flow
features in the intermediate depth below the thermo-
cline (i.e., 500-2000m) in the northwestern Pacific
Ocean remain observationally fragmentary and theoret-
ically speculative. A schematic for the subthermocline
circulation adopted commonly by past investigators is
that of the red arrows in Fig. 1. It suggests, by and large, a
reversed image to that of the wind-driven thermocline
circulation, with a Luzon Undercurrent (LUC) heading
equatorward beneath the Kuroshio (e.g., Qu et al. 1997,
Hu et al. 2013; Wang et al. 2014) and a Mindanao Un-
dercurrent (MUC) heading poleward beneath the MC
(e.g., Hu and Cui 1991; Zhang et al. 2014). The conver-
gent LUC and MUC are believed to form the eastward
North Equatorial Undercurrent (NEUC) underneath the
NEC (e.g., Hu and Cui 1991; Wang et al. 1998; Wang
et al. 2015).

It is important to stress that the observational evi-
dence and forcing mechanisms relating to the LUC and
MUC remain elusive. Regarding the existence of LUC,
much of the observational evidence comes from the
18°N latitude, where past hydrographic and mooring
surveys had concentrated. Questions such as where the
LUC originates, through what processes it is driven, and
how it is connected to the eastward-flowing NEUC re-
main unanswered. Regarding the presence of the MUC,
controversies have persisted in the past two decades.
While hydrographic surveys by Hu and Cui (1991) and
Qu et al. (1998) hinted at the existence of the MUC,
subsequent analyses by Wijffels et al. (1995) and Firing
et al. (2005) have pointed to the transient nature of the
MUC related to westward-propagating mesoscale eddy
variability. Similar uncertainties regarding the robust-
ness of MUC are also evident in more recent moored
current meter measurements off of Mindanao Island.
Based on a 3-yr mooring at 6°50'N and 126°43'E,
Kashino et al. (2005) captured no steady MUC at 700-m
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depth. In contrast, a recent 2-yr mooring at 8°N and
127°03'E by Zhang et al. (2014) detected a time-mean
MUC in the 600-1000-m layer. While observational in-
vestigations of the MUC abound, no dynamical expla-
nations for its existence have been proffered so far.
From a theoretical perspective, it is fundamentally
questionable that the LUC and MUC, if they persist as
time-mean flows, can be understood as the western
boundary currents in the same sense as the Kuroshio and
the MC that compensate for the interior Sverdrup cir-
culations in order to close the wind-driven subtropical
and tropical gyres. What, then, are the theoretical ex-
planations relevant for the time-mean meridional flows
along the North Pacific low-latitude western boundary
beneath the ventilated thermocline?

With the establishment of the International Argo
Program in the early 2000s (Roemmich et al. 2009), a
new global profiling temperature—salinity (7-S) dataset
has become available for exploring the World Ocean
subthermocline circulation patterns. In particular, the
float sampling density off the Philippine coast is signifi-
cantly enhanced by the deployment of 10 5-day repeat
SOLO-II floats as part of the Origins of the Kuroshio
and Mindanao Currents (OKMC) project in 2011 (Qiu
et al. 2013b). By combining the Argo and OKMC float
T-S data, Qiu et al. (2013b) examined the sub-
thermocline flow structures across the North Pacific
basin of 2°-30°N. Instead of a single eastward un-
dercurrent beneath the NEC as depicted in Fig. 1, they
discovered that the NEUC consists of three parallel
eastward-flowing jets within the isopycnal layer of 26.8—
27.4 a4 (approximately 500-1100-m depth) along 9°, 13°,
and 18°N in the northwestern Pacific basin. These sub-
thermocline NEUC jets have a typical core velocity of
2-5cms ! and are spatially coherent from the western
boundary to about 120°W across the North Pacific basin.
Notice that the 9°N NEUC jet was also detected by
Cravatte et al. (2012) in their analysis of the parking
depth trajectory dataset of the Argo floats. In fact,
Cravatte et al. found that the eastward subthermocline
jets exist also beneath the NECC along 5° and 2°N across
the equatorial North Pacific basin.

To clarify the mechanisms responsible for these ob-
served subthermocline zonal jets across the Pacific
basin, Qiu et al. (2013a) analyzed output from an eddy-
resolving global OGCM output and identified that these
subthermocline jets have a mode-1 baroclinic vertical
structure and are spatially persistent on interannual and
longer time scales. By adopting a nonlinear 1.5-layer
reduced-gravity model and the baroclinic Rossby wave
triad interaction theory, Qiu et al. (2013a) showed that
the seed for the NEUC jets originates in annual baro-
clinic Rossby waves driven by the basin-scale surface
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wind stress forcing. Emanating from the Pacific basin’s
eastern boundary, the wind-forced annual Rossby waves
are subject to nonlinear triad interactions (Pedlosky
1987). They break down offshore where the e-folding
time scale of the most unstable triad instability matches
the advective time scale of the wind-forced ‘“‘primary”’
waves (typically several thousands of kilometers off the
North America coast at 10°N and a few hundreds of
kilometers at 30°N). With their meridional wavelength
scales of ~500km set by the short secondary unstable
waves, the time-mean NEUC jets are found to be gen-
erated by converging potential vorticity fluxes of the
unstable nonlinear eddies.

Qiu et al. (2013a) have focused on the formation of
the subthermocline jets inside the interior North Pa-
cific basin. They did not explore how these interior jets
behave near the Pacific western boundary and to what
extent they are connected to the previously purported
LUC and MUC beneath the Kuroshio and Mindanao
Current. To address these questions, we deployed an
additional set of 17 OKMC profiling floats near the
Philippine coast in March 2013. With a 5-day repeat
cycle, a significant amount of new 7-S data has be-
come available in the Philippine Sea. In addition to
the profiling float deployment, hydrographic surveys
have also been conducted off the Luzon Island in 2012
and 2013 as part of the OKMC project (Gordon et al.
2014). These new datasets provide us now with a
timely opportunity to reexamine, both observationally
and dynamically, the detailed subthermocline circu-
lation along the North Pacific low-latitude western
boundary.

The present study has two objectives. First, we at-
tempt to map out detailed time-mean circulation fea-
tures along the Philippine coast by synthesizing all
historical and modern 7-S measurements in the region.
Particular attention will be given to the connectivity of
the meridional subthermocline flows along the Philip-
pine coast to those of the recently discovered alternating
zonal jets in the interior basin. Our second objective is to
clarify the dynamical processes governing the sub-
thermocline low-latitude western boundary current cir-
culation in the North Pacific Ocean on different spatial
scales. With the aid of a high-resolution, eddy-resolving
OGCM output, we will focus in particular on the for-
mation of the time-mean MUC that has a meridional
coherence from 6° to 13°N in our mapped circulation
along the Philippine coast.

2. Hydrographic and profiling float data

To adequately resolve the spatially detailed time-
mean circulation features near the low-latitude western
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FIG. 2. Distributions of 7-S profiles from (a) the Argo and
OKMC projects and (b) the historical CTD/XCTD surveys. Colors
indicate the depth over which 7-S are measured. There are 74 053
and 104 063 profiles in (a) and (b), respectively.

boundary in the North Pacific Ocean, we collect the
profiling float 7-S data from the International Argo
Project (http://www.usgodae.org) from January 2001 to
June 2014. All OKMC float data are embedded in the
International Argo data stream. Figure 2a shows the
distribution of the available Argo/OKMC profiles
within the 0°-35°N and 115°-150°E domain of our in-
terest. Most of the profiling float data reach the depth
of 2000 dbar in the open Pacific Ocean. To enhance the
quantity of the 7-S data especially off the Philippine
coast, we also extract available conductivity-temperature—
depth (CTD) and expendable CTD (XCTD) data in the
same domain archived by the U.S. National Oceano-
graphic Data Center (NODC), the Japan Oceano-
graphic Data Center (JODC), and the recent OKMC
Lamon Bay cruises (Gordon et al. 2014). Unlike the
profiling float data, many of the CTD/XCTD casts
measure the full water depth 7-S values, and care has
been taken to avoid duplicate casts in the different data
sources.

For data quality control, we compare the individually
measured 7-S values against the 1° X 1° World Ocean
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Atlas 2013 climatological data by Locarnini et al. (2013)
and Zweng et al. (2013). The 7-S data are excluded if
they fall outside of the two standard deviation envelopes
of the local, climatological 7-S curve. For the 74053
float and 104063 CTD/XCTD profiles that passed the
quality control procedure (those shown in Fig. 2), the
T-S data are first interpolated onto a regular 10-m ver-
tical grid between the surface and 2000m. At each
depth, 7-S values are then mapped onto a 5° X 1/s°
grid using an objective mapping technique. The Gauss-
ian weight function for mapping has a form of
exp(—Ax*/2L; — Ay*/2L;), where Ax and Ay are the
zonal and meridional distances between a data point and
the grid point. For the spatial decorrelation scales, L, =
0.5°in longitude and L, = 0.5° in latitude are chosen based
on autocorrelations of the subthermocline 7-S field.

Unlike the previous studies that use the float trajec-
tory data to derive the subthermocline circulation sig-
nals (e.g., Cravatte et al. 2012), we choose to describe the
geostrophic circulation patterns relative to the 2000-m
depth. Our reasons for choosing this method over the
float trajectory approach are twofold. First, the wind-
driven North Pacific subtropical gyre in the 10°-30°N
band is relatively shallow (~600m), and the flow am-
plitude at the 2000-m level is on the order of 0.5cms ™!,
based on the previously estimated parking depth ve-
locities of Lebedev et al. (2007) and Cravatte et al.
(2012) plus the float-derived geostrophic shears. This
magnitude of flow is on par with the uncertainties in
estimating the parking depth velocity due to the im-
precise float position fixes and spatial drifts when a float
ascends and descends (e.g., Park et al. 2005; Chen et al.
2007). The second reason is that the subthermocline
circulation of our interest is confined to the depth range
of 300-1000m; its structures are insensitive to the ad-
dition of the 2000-m reference velocity [see Schonau and
Rudnick (2015) for a favorable comparison between the
glider-derived absolute geostrophic velocities versus
those based on the Argo data referenced to 2000 m].
Given the uncertainties in deriving the 2000-m reference
velocity, we find it more straightforward to construct the
three-dimensional circulation pattern in the upper
2000 m with a zero-referencing velocity.

3. Observed circulation features

Figure 3 shows the time-mean geostrophic velocity
field in the surface 0-100-m layer in the western North
Pacific Ocean. By and large, the broad-scale surface
circulation conforms to the schematic blue arrows de-
picted in Fig. 1. Rather than a well-behaved convergent
flow, however, Fig. 3 reveals that the NEC in the 7°—
17°N band exhibits westward-fluctuating patterns. Such


http://www.usgodae.org

SEPTEMBER 2015

0-100m Velocity
T

35°N

50 cm/s

,,,,,,

7 L
115°E 125°E 140°E  145°E\  150°E

FIG. 3. Velocity vectors averaged in the surface 0-100-m layer
calculated geostrophically from the mapped 7-S field. Velocity
vectors with an eastward (westward) component are plotted in
red (blue).

fluctuations are likely caused by the presence of sev-
eral meridionally aligned ridge systems over which
the NEC has to traverse (i.e., the Kyushu-Palau
Ridge along ~135°E, the South Honshu Ridge along
~140°E, and the East Mariana Ridge along ~145°E; see
shaded bottom topography in Fig. 1). Notice that
the westward-fluctuating NEC as a mean circula-
tion feature in the western North Pacific was also
noted recently by Vianna and Menezes (2010) in
their analysis of high-resolution geodetic satellite
mission data.

The Kuroshio can clearly be seen in Fig. 3 as origi-
nating in the NEC north of ~12°N. The Kuroshio’s
downstream evolution, including its intrusion into the
South China Sea across the Luzon Strait, its bifurcation
at the southern tip of the Ryukyu Island chain, and its
meandering behavior south of Japan, is overall consis-
tent with our current knowledge (e.g., Qiu 2001). One
interesting feature that has not been previously noted
is that there exists a southwestward flow offshore of
the Ryukyu Current from south of Japan to east of the
Luzon Strait that appears to feed continuously into the
northeastward-flowing Kuroshio and Ryukyu Current.
East of this southwestward flow in the 17°-27°N band,
the mean surface flow is often eastward and spatially
fragmented. This corresponds to the STCC band, and its
spatial incoherence is due to the regional enhanced eddy
activities related to the baroclinically unstable STCC-
NEC system.
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FIG. 4. Asin Fig. 3, but for the subthermocline layer of 26.8-27.5 oy
(~500-1300 m).

South of 12°N, the commonly known features for the
Mindanao Current, such as its westward intrusion into
the Celebes Sea and its eastward veering to form the
NECC, are well captured in Fig. 3. In agreement with
the previous studies, two quasi-stationary meanders
emerge along the NECC with their ridges near 130° and
140°E, respectively.

To represent the flow pattern below the wind-driven
thermocline, we plot in Fig. 4 the geostrophic velocity
vectors averaged in the 26.8-27.5 oy layer (depth ~ 500-
1300 m). The flow pattern deviates qualitatively from
the red arrows depicted in Fig. 1 in two fundamental
ways: First, rather than a single NEUC flowing eastward
beneath the core of the NEC, Fig. 4 reveals a series of
eastward jets appear approximately along 6°, 9°, 13°, and
18°N. These eastward jets are the same as those identi-
fied recently by Cravatte et al. (2012) and Qiu et al.
(2013b). To clarify the vertical structures of the eastward
jets, we plot in Fig. 5 the latitude—depth sections of zonal
geostrophic velocity U(y, z) along 130°-135°E and 140°-
145°E. Comparing these two plots points clearly to the
longitudinal persistence of the four eastward jets along
6°, 9°, 13°, and 18°N. Notice that although weak in its
strength, there is a hint in both sections that another
eastward flow is present along 22°N with its core ap-
pearing below 27.5 o.

The second qualitative difference between the sche-
matic of Figs. 1 and 4 is that while existing across 18°N
along the Philippine coast below the 500-m depth (see
also Fig. 6b) as reported in the literature (e.g., Qu et al.
1997; Hu et al. 2013; Wang et al. 2014), the LUC does not
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FIG. 5. Latitude-depth section of density (solid contours, ) and zonal geostrophic velocity
(color shading) along (a) 130°-135°E and (b) 140°-145°E. The geostrophic velocity is refer-
enced to 2000 m, and dashed lines denote the zero velocity contours.

emerge as a coherent southward boundary current be-
neath the Kuroshio. For example, Figs. 6a and 6¢c show
the meridional velocity sections across 20° and 17°N,
respectively. Across both of these sections, a northward
boundary flow paralleling the surface Kuroshio is pres-
ent below the wind-driven thermocline or 26.8 oy. With
respect to the MUC beneath the wind-driven Mindanao
Current, Fig. 4 reveals that a northward boundary cur-
rent appears to persist from 6° to 12°N. This northward
boundary current can also be confirmed in Figs. 6e and
6f, showing the meridional geostrophic velocity sections
across 11° and 8°N, respectively. Notice that while being
generally a northward subthermocline current, the
MUC in Fig. 4 appears to wobble along the Philippine
coast and that there is a hint that this wobbling is

connected to the eastward jets existing in the interior
Pacific Ocean.

To explore the flows along the western boundary in
more detail, we plot in Fig. 7 the latitude—depth section
of meridional geostrophic flow Vyu(y, z) averaged
within a 2°-band along the Philippine coast and east of
the Luzon Strait and Taiwan. In the upper ocean above
26.8 oy and impacted by the wind forcing, it is easy to
discern the broad-scale northward-flowing Kuroshio
and southward-flowing Mindanao Current. Consistent
with previous data analysis and modeling studies by Qu
and Lukas (2003) and Kim et al. (2004), the bifurcating
latitude tends to shift poleward with increasing depth.
Notice that the surface northward flow just north of the
bifurcation point is weak and this is likely due to the
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FIG. 6. Longitude—depth section of meridional geostrophic velocity along (a) 20°, (b) 18°, (c) 17°, (d) 14°, (e) 11°,
and (f) 8°N off the Philippine coast and the Luzon Strait. The geostrophic velocity is referenced to 2000 m, and dashed
lines denote the zero velocity contours. Solid contours denote the 26.8 0.

topographic protrusion of the island Samar near the
coastal segment of 13°-14°N.

Below the 26.8 gy isopycnal surface, the meridional
velocities in Fig. 7 appear spatially fragmented. Specif-
ically, Vi appears alternating in direction north of
13°N; south of 13°N, while heading generally northward,
the amplitude of V,, appears to undulate with latitude.

To better understand these spatially undulating merid-
ional flows along the western boundary, it is helpful to
separate the Vy,(y, z) signals into those with long versus
short meridional scales:

Vo052 =V 1, (0:2) + Vi (0, 2), 1)
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FIG. 7. Meridional geostrophic velocity (color shades) and density (solid contours) averaged
in the 2° band along the Philippine coast and east of the Luzon Strait and Taiwan. The geo-
strophic velocity is referenced to 2000 m, and dashed lines denote the zero velocity contours.

where V., denotes the low-pass filtered meridional ve-
locity and V7, denotes the remaining high-pass filtered
component. Here, a 4°-box moving average is used as
the spatial filter. Figure 8a shows the latitude—depth
section of V7, (v, z). Having removed the broad-scale
signals, the meridionally alternating flow structures
stand out prominently in Fig. 8a. Below 26.8 oy, con-
vergent meridional velocities can be seen near 7°, 10°,
13°, and 18°N (see oppositely pointing arrows at 900-m
depth in Fig. 8a).

By applying the same high-pass spatial filtering to the
U(y, z) profile shown in Fig. 5a, Fig. 8b shows U'(y, z)
along 130°~135°E. Near each latitude with a convergent
Vi, one can identify a corresponding eastward U’ sig-
nal. Dynamically this is not surprising because near the
western boundary mass conservation requires

U'(3.2) %~ 5 Vi (0:2). )
Notice that because of the meridionally varying topo-
graphic orientations and slopes, the convergent Vi,
latitudes in Fig. 8a need not to match exactly the U' > 0
locations across the 130°~135°E meridians. As noted in
the introduction, our recent study has shown that the
observed subthermocline eastward jets are generated by
the breakdown of wind-forced annual baroclinic Rossby
waves in the eastern North Pacific Ocean (Qiu et al.

2013a). Given this, the eastward U’ jets shown in Fig. 8b
can be interpreted as the driver of the convergent Vi,
flows along the western boundary rather than the other
way around. Because the instability-induced eastward
jets in the interior Pacific Ocean (Fig. 8b) have a baro-
clinic mode-1 vertical structure, it is not surprising to
find in Fig. 8a that the V7, signals exhibit vertically co-
herent signals above the 1500-m depth.!

4. The broad-scale Mindanao Undercurrent

From Fig. 7, we have noted the existence of a broad-
scale poleward subthermocline flow south of 13°N along
the Philippine coast. This poleward flow becomes much
clearer if we plot the low-pass filtered V(y, z) profile
defined in Eq. (1). As shown in Fig. 9, the sub-
thermocline alongshore poleward flow slides downward
from 26.8 to 27.5 oy as it moves northward. Its northern
edge below 27.5 oy is at 13.5°N, close to the NEC bi-
furcation latitude at the surface. Geographically, this
broad-scale poleward boundary flow corresponds to
the MUC identified by many previous studies. It is im-
portant to emphasize from Fig. 9 that there exists no

!The baroclinic mode-1 structure in the northwestern Pacific
Ocean has a zero crossing at ~1400 m.
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FIG. 8. Meridional-depth sections of (a) high-pass filtered V, along the Philippine coast and
east of the Luzon Strait and Taiwan, and (b) high-pass filtered U, along 130°-135°E. The high-
pass filter removes signals using a 4°-box moving average. Arrows in (a) denote the directions of
the subthermocline meridional flows and boxed letters, their convergent locations. Boxed
letters in (b) denote the subthermocline eastward jet locations. Black contours in both plots

indicate the isopycnal surfaces.

appreciable broad-scale southward-flowing boundary
current north of 13°N below the 27.2 oy isopycnal. In
other words, the LUC present across the 18°N parallel
below the Kuroshio is a meridionally confined feature
whose existence, as we have noted in the preceding
section, is due to the NEUC jet along 18°N that results
in the convergent meridional flows along the Philippine
coast.

Regarding the broad-scale northward-flowing MUC
identified in Fig. 9, no proper dynamical mechanisms
have been identified in the past investigations (see the
introduction). To clarify the MUC’s generation mechanism,

we examine in this section the model output from a
multidecadal hindcast run of the OGCM for the Earth
Simulator (OFES; Sasaki et al. 2008). The OFES model
covers the global domain from 75°S to 75°N and has an
eddy-resolving horizontal resolution of 0.1° and 54
vertical levels. The model was spun up for 50yr with
monthly climatological atmospheric forcing from the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) re-
analysis (Kistler et al. 2001). This climatological run was
followed by a 62-yr hindcast integration for the period of
1950-2011 using the NCEP-NCAR reanalysis daily
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2°-band along the Philippine coast and east of the Luzon Strait and Taiwan. The low-pass filter
removes signals using a 4°-box moving average. Black contours indicate the isopycnal surfaces.

mean forcing data. In our following analyses, the 3-day
model output from the hindcast run during 2001-11 was
analyzed.

Figure 10 shows the velocity field in the 26.8-27.5 oy
layer averaged from 2001 to 2011 based on the OFES
hindcast output. Overall, the modeled flow pattern
compares favorably with the observed flow field pre-
sented in Fig. 4. For example, the modeled zonal flows
exhibit eastward jets along 6°, 9°, 13°, and 18°N, similar
to those identified in Fig. 4. Despite having the weaker
amplitudes, the modeled NEUC jets also have compa-
rable meridional profiles as those in the observations
(cf. Figs. 11a and 5a). Along the low-latitude western
boundary, Fig. 10 indicates that the poleward-flowing
MUC wobbles in a manner consistent with the observed
time-mean MUC. In fact, plotting the modeled Vy,(y, z)
profile along the Philippine coast (Fig. 11b) reveals that
the modeled MUC extends northward to ~14°N, a lat-
itude detected similarly from the 7-S measurements.
With respect to the southward flows present below the
1200-m depth, or the 27.5 oy isopycnal, in Fig. 11b, they
should not be regarded as the LUC that has been ob-
served and defined for the subthermocline layer of 26.8—
27.5 0.

This success of the OFES model in simulating the
time-mean MUC provides us with a good opportunity to
explore the MUC’s formation mechanism with the use

of the model output. Shielded from the direct wind
forcing in the subthermocline North Pacific Ocean, the
time-mean circulation likely follows the turbulent
Sverdrup balance theorized by Rhines and Holland
(1979):

u-VO~-V.-(Q), 3)
where u is the velocity vector in the 26.8-27.5 o layer of
our interest, and Q is the potential vorticity (PV) aver-
aged in the same isopycnal layer:

do,/dz

Q:f0+3y+§+foW,
6

(4)
where f, is the Coriolis parameter at the reference lati-
tude (12°N here), B is the latitudinal gradient of f, { is the
relative vorticity, oy is the potential density, and ()
denotes the spatial average in the analysis domain (see
Fig. 12). In both Egs. (3) and (4), overbars denote time-
mean quantities and primes denote anomalies from the
time-mean values. Dynamically, Eq. (3) relates the time-
mean flow generated across the mean PV gradient to the
convergence of eddy PV fluxes.

To test the validity of the turbulent Sverdrup balance,
we evaluate in Figs. 12a and 12b the LHS and RHS of
Eq. (3) averaged in the 26.8-27.5 oy layer based on the
3-day OFES output from 2001 to 2011. Geographically,
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there exists a good correspondence between these two
terms; specifically, both terms tend to have large positive
values along the western boundary and negative values
farther offshore. An exception to this appears near 13°—
15°N where the signs of the two terms have a reversed
zonal structure. Notice that Fig. 12b reveals no alter-
natingly signed eddy PV flux convergences of ~200-km
length scales along the western boundary, which would
have been required if the convergent meridional flow
shown in Fig. 8a were due to the local eddy PV flux
forcing. Because the time-mean PV gradient in the
meridional direction greatly exceeds that in the zonal
direction, the LHS of Eq. (3) can be approximated by
v90/dy. Under this assumption, the eddy-driven me-
ridional velocity v may be evaluated straightforwardly
from —V - (W Q)/(80/dy). In Figs. 12¢ and 12d, we
compare the v distribution from this approximate for-
mulation and from the OFES model in the 26.8-27.5 oy
layer. The favorable correspondence between the two
distributions is evident, suggesting that the broad-scale
time-mean MUC observed along the Philippine coast of
6°-13°N is driven by the convergent eddy PV fluxes via
the turbulent Sverdrup balance.

To clarify the processes generating the subthermocline
eddy fluxes, we plot in Fig. 13 the baroclinic and
barotropic eddy energy conversion rate distributions
in the wind-driven thermocline layer (Figs. 13a,b) and
the subthermocline 26.8-27.5 oy layer (Figs. 13c,d),
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respectively. Here, the two conversion rates are de-
fined by

baroclinic conversion rate = —-- (p'w"), 5)
o
and
. . —— 9;
barotropic conversion rate = —(uu; a—l . (6)
X .
i

where p’ and w’ denote the potential density and vertical
velocity anomalies from their respective time means,
and summations over the repeated indices i and j are as-
sumed in Eq. (6). Physically, Eq. (5) indicates the con-
version from eddy potential energy to eddy kinetic energy
and is the source for baroclinic instability, and Eq. (6)
represents the conversion from mean Kkinetic energy to
eddy kinetic energy through Reynolds stresses and is the
cause for barotropic instability. Along the Philippine coast
from 6° to 13°N, Fig. 13 reveals that the baroclinic con-
version rate is consistently positive both in the thermo-
cline and subthermocline layers (note that the contour
intervals are 5 times smaller in Fig. 13¢ than in Fig. 13a). In
contrast, the barotropic conversion rate appears mostly
negative. This suggests that the flow variability generating
the eddy PV flux convergence along the Philippine coast
of Fig. 12b is due to the release of mean available potential
energy associated with the thermocline tilt of the wind-
driven Mindanao Current. While large in magnitude, the
lateral shear of the Mindanao Current (see, e.g., Fig. 6f)
contributes little to the generation of regional thermocline/
subthermocline eddy fluctuations.

In concluding this section, it is interesting to emphasize
that Fig. 12 reveals that the eddy PV flux convergence
also generates a time-mean northward boundary flow
from 16° to 24°N in the subthermocline 26.8-27.5 oy layer.
As indicated in Fig. 11b, this eddy-driven boundary flow
causes the wind-driven Kuroshio in the upper ocean to
extend below the ventilated thermocline and its existence
is discernible in the observed V., profile shown in Fig. 9b
as well. That the northward-flowing Kuroshio can extend
to below the 26.8 oy depth was previously captured by
in situ measurements along ~24.3°N east of Taiwan
(Zhang et al. 2001, see their Fig. 2b).

5. Summary

By synthesizing the temperature and salinity data from
historical CTD/XCTD measurements and from more
recent profiling float measurements of the International
Argo and OKMC projects, we investigated in this study
the detailed circulation features in the northwestern Pa-
cific Ocean. The focus of our investigation was on the
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FIG. 11. (a) Latitude—depth section of density (solid contours, o) and zonal velocity (color
shading) along 130°-135°E from the OFES simulation. (b) Latitude—depth section of density
(solid contours, gy) and meridional velocity (color shading) from the OFES simulation along
the Philippine coast and east of the Luzon Strait and Taiwan.

time-mean western boundary circulation system in the
26.8-27.5 a4 layer below the ventilated thermocline along
the Philippine coast. The preexisting paradigm for such
system depicts that the subthermocline flows are a mirror
image of the wind-driven thermocline circulation with a
North Equatorial Undercurrent (NEUC) directing east-
ward beneath the NEC, a poleward-moving Mindanao
Undercurrent (MUC) underlying the Mindanao Current,
and an equatorward Luzon Undercurrent (LUC) flowing
below the Kuroshio.

In contrast to this mirror image pattern, our ana-
lyses revealed that the subthermocline western bound-
ary circulation off the Philippine coast comprises two
components that have different meridional scales and

generation mechanisms. The first component has a me-
ridional scale shorter than 400 km and is characterized
by convergent meridional flows near 7°, 10°, 13°, and
18°N along the western boundary (see the schematic in
Fig. 14a). Away from the western boundary, these con-
vergent meridional flows are drawn by the eastward-
flowing zonal jets that extend across the entire North
Pacific basin. Dynamically, these interior zonal jets are
formed by eddy—eddy interactions in the eastern North
Pacific basin where wind-forced annual baroclinic
Rossby waves break down due to the nonlinear triad
instability. The O(400) km separation scale between the
eastward zonal jets is set by the most unstable secondary
waves involved in the triad stability (Qiu et al. 2013a).
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Through mass conservation, the convergent meridio-
nal flows along the Philippine coast are the western
boundary expression of these interior ocean instability-
driven zonal jets.

The second component of the subthermocline western
boundary circulation has a broader meridional scale and
consists of coherent northward flows along the boundary

segments of 6°-13°N and 16°-24°N (see Fig. 14b for a
schematic). In terms of nomenclature, the northward
flow along the 6°-13°N segment corresponds to the
MUC described by many previous investigators. Unlike
the short-scale meridional flows forced remotely from
the interior North Pacific Ocean, these broad-scale
northward boundary flows are generated locally by the
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eddy PV flux convergence along the western boundary.
By analyzing the output from the eddy-resolving OFES
simulation, we found that these regional eddy fluxes were
generated by baroclinic instability that derives its energy
from the mean thermocline tilt of the wind-driven
Mindanao Current and Kuroshio. Notice that the eddy
PV convergence, hence the eddy-driven subthermocline
boundary current, is weak in the 13°-16°N segment

because this is where the vertically averaged NEC bi-
furcates and where the thermocline tilts associated with
the Mindanao Current and Kuroshio are weak.

It is worth stressing that while differing in their en-
ergy source, both components of the subthermocline
boundary flows are in essence eddy driven. Given this,
any short-term observations of these boundary flows in
the region are likely to be aliased by transient eddy
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North Pacific Ocean. Flows with meridional scales shorter and longer than 400 km are sketched in (a) and (b),
respectively. Blue arrows in (b) represent the circulation features in the ventilated thermocline (depth < 400 m; see

Fig. 1 for acronyms).

signals. To verify the new subthermocline circulation
paradigm proposed in this study and to further our un-
derstanding of the subthermocline regional circulation
variability, long-term and spatially coordinated future
observations are called for.
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