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Abstract
The quasi-permanent anticyclonic gyre (ACG) east of Mindanao is a dominant feature of the
subthermocline circulation in the southern Philippine Sea, and it is believed closely associated with the
continuous northward alongshore ﬂow of the Mindanao Undercurrent (MUC). In this study, the structure and
variability of this ACG were investigated using the 1950–2012 output of the Oceanic General Circulation
Model for the Earth Simulator (OFES), which can reproduce well the structure of the climatological
intermediate-layer circulation and satellite-observed sea level variations in the southern Philippine Sea.
Between 26.8–27.3 σθ, the ACG covers a large area from the Mindanao coast to 131°E and from 3°N to 10°N.
Its anticyclonic ﬂow structure is unrelated to the surface Halmahera Eddy. The eddy-resolving simulation
of the OFES revealed that the ACG consists of two components. The southern ACG (SACG) is centered at
~6°N, while the northern ACG (NACG) is centered at ~10°N. Seasonal and interannual variations of the
ACG are linked to the variations of the northward MUC transport along the Mindanao coast, and the role
of the SACG is more important than the NACG. Stronger (weaker) ACGs lead to greater (smaller) MUC
transport. On the interannual timescale, the SACG shows a spectrum peak at 4–8 years, while the NACG
has enhanced power within the 3–5-year band. A lead–lag correlation analysis indicates that interannual
variations of the ACGs and the MUC transport are partly associated with the El Niño-Southern Oscillation.
Possible causes for the ACG variability are discussed.
Keyword: subthermocline circulation; anticyclonic gyre; Mindanao Undercurrent; seasonal and interannual
variability; Halmahera Eddy

1 INTRODUCTION
The climatological structure of the upper-ocean
circulation in the northwestern tropical Paciﬁc Ocean
is considered well established following the eﬀorts of
many oceanographers over the past several decades
(e.g., Nitani, 1972; Toole et al., 1990; Lukas et al.,
1996; Kashino et al., 1999; Qu et al., 1999; Qu and
Lukas, 2003). Its primary features can be captured by
the surface geostrophic current based on satellitederived sea surface height (SSH) data (Fig.1). The
westward-ﬂowing North Equatorial Current (NEC)
bifurcates oﬀ the Philippine coast into the northwardﬂowing Kuroshio Current and the southward-ﬂowing

Mindanao Current (MC) (Fig.1; Toole et al., 1990;
Lukas et al., 1996; Qu and Lukas, 2003). At the
southern tip of Mindanao, the MC converges with the
New Guinea Coastal Current (NGCC) and it turns
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Fig.1 Annual mean climatological sea surface height (SSH;
color shading; cm) and surface geostrophic current
(vectors; cm/s) based on AVISO sea level product
from January 1993 to December 2012

eastward to form the North Equatorial Countercurrent
(NECC). The retroﬂection of the MC and the NGCC
gives rise to two quasi-permanent eddy structures: the
Mindanao Eddy (ME) and the Halmahera Eddy (HE)
(e.g., Lukas et al., 1991; Qu et al., 1999; Kashino et al.,
2013; Zhao et al., 2013), which balance the nonlinear
momentum ﬂuxes of the MC and NGCC transported
into this region (Arruda and Nof, 2003). The cyclonic
ME, which has a diameter of 250 km, is centered at
7°N. Based on observations from various sources, the
center of the anticyclonic HE is observed to be east of
130°E. The HE has a horizontal scale of 500 km, and
it tilts northward/northwestward with increasing depth
(Kashino et al., 1999, 2011, 2013; Qu et al., 1999).
The variabilities of the ME and HE are closely linked
with those of the surrounding important currents, i.e.,
the NEC, MC, NGCC, and NECC (e.g., Kashino et al.,
1999, 2013; Zhao et al., 2013).
While its upper-ocean currents and recirculation
structures have been investigated extensively,
knowledge of the deep-layer circulation of the
Philippine Sea remains fragmented because of the
lack of observational data (Qu et al., 1998; Hu et al.,
2015a; Qiu et al., 2015; Wang et al., 2015). The
subthermocline circulation in this region is rather
complex and highly variable. Beneath the southwardﬂowing MC is a continuous northward ﬂow along the
Mindanao coast, which was named the Mindanao
Undercurrent (MUC) by Hu et al. (1991). The MUC
plays an important role in the water mass transport
and heat budget of the Philippine Sea (Fine et al.,
1994; Wang et al., 1998, 2015; Qu and Lindstrom,
2004). Geostrophic estimations based on historical
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hydrographic observations have shown that the MUC
comprises a steady northward ﬂow from 6°N to 10°N
but with multiple velocity cores of 10 cm/s (Hu et al.,
1991; Qu et al., 1998; Wang and Hu, 1998; Qiu et al.,
2015; Wang et al., 2015). However, recent moored
acoustic Doppler current proﬁler measurements east
of Mindanao have revealed that the MUC exists as
highly variable alternating jets with its maximum
northward velocity as high as 52 cm/s (Kashino et al.,
2005, 2015; Zhang et al., 2014; Hu et al., 2015a;
Schönau et al., 2015; Wang et al., 2016).
Many researchers have reported a close relationship
between the MUC and subthermocline recirculation
gyres at intermediate depths (e.g., 400–1 000 m; Qu
et al., 1999, 2012; Firing et al., 2005; Qiu et al., 2015;
Wang et al., 2015, 2016). Firing et al. (2005) was the
ﬁrst to report the existence of a subthermocline
recirculation east of Mindanao based on direct
acoustic Doppler current proﬁler records. Both
observational data and numerical model outputs have
shown that a large-scale anticyclonic gyre (ACG)
exists beneath the ME and HE, and is closely
associated with the northward ﬂow of the MUC (e.g.,
Qu et al., 1999, 2012; Kashino et al., 2015; Qiu et al.,
2015; Schönau et al., 2015; Wang et al., 2015). Other
research has suggested that this subthermocline ACG
is related to the surface HE (Qu et al., 1999; Kashino
et al., 2013; Wang et al., 2015), and that its formation
is due to the northward shift of the HE with depth.
Furthermore, Qu et al. (1999) proposed the idea that
the so-called MUC is merely the northward/inshore
component of this ACG.
The MUC and its relationship with the ACG are
subjects that remain under debate (e.g., Zhang et al.,
2014; Kashino et al., 2015; Wang et al., 2015).
Nevertheless, as an important feature of the
subthermocline circulation in the southern Philippine
Sea, the ACG east of Mindanao is of great interest for
oceanographers. Investigating the ACG’s structure
and variability is helpful both for understanding the
ocean dynamics of this region and for extending our
insight into the deep ocean. The objective of this
study was to provide the ﬁrst comprehensive
descriptions of the spatial structure and temporal
variability of the subthermocline ACG east of
Mindanao, based on climatological observational
data and the output of an eddy-resolving ocean model.
Given that deep ocean observations with good spatial
coverage remain unavailable, simulations based on a
state-of-the-art ocean model are useful for
complementing our knowledge of the deep-ocean

No.6

SONG et al.: Subthermocline anticyclonic gyre and its relationship with the Mindanao Undercurrent

circulation and its dynamics. Our results show that
the subthermocline ACG should not be considered as
simply the lower portion of the HE, and that its
variability is closely associated with the northward
transport of the MUC along the Mindanao coast.
The remainder of this paper is organized as follows.
Section 2 outlines the data and model used in this
study. Section 3 describes the structure of the ACG
and its relation with the HE. Section 4 examines the
seasonal and interannual variations of the ACG and
its relationship with the MUC. Finally, Section 5
provides a summary of the ﬁndings of the research.

2 DATA AND METHOD
The satellite-observed SSH and surface geostrophic
current data used in this study were from the former
version of the Ssalto/Duacs sea level product. This is
based on multiple altimeter measurements by the
TOPEX/POSEIDON, Jason-1, Envisat, and the ERS
missions, and released via the Archiving, Validation,
and Interpretation of Satellite Oceanographic data
(AVISO) website (Ducet et al., 2000). It provides
1/3°×1/3° weekly satellite altimeter SSH data and
surface geostrophic maps in delayed time from
October 1992 through December 2012, with respect
to a 7-year (1993–1999) reference period. In order to
correct the aliasing of tides and barotropic variability,
the altimeter data have been updated with the
GOT2000 tidal model and MOG2D-G barotropic
hydrodynamic model (Volkov et al., 2007). The SSH
value of AVISO is the sum of the sea level anomaly
(SLA) and mean dynamic topography, based on
GRACE data, altimetry measurements, and in situ
observations (Rio et al., 2011). The surface geostrophic
velocities are estimated using the horizontal gradients
of SSH. Both SSH and surface geostrophic current
data are produced by Ssalto/Duacs and distributed by
AVISO, with support from CNES. The data were
downloaded from http://www.aviso.oceanobs.com/
(following the release of a new version of the AVISO
product, this link no longer provides the formerversion data) with weekly resolution and averaged
into monthly data for our analysis. This version of the
AVISO product has been used widely within the
oceanographic community and it has proven useful in
understanding global and regional ocean dynamics
(e.g., Qiu and Chen, 2010; Chelton et al., 2011;
Hamlington et al., 2011; Zhao et al., 2013).
Subsurface dynamic height and geostrophic current
were calculated using the annual mean temperature
and salinity climatology of the World Ocean Atlas
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2013 (WOA13) (Locarnini et al., 2013; Zweng et al.,
2013) with 0.25°×0.25° resolution. Dynamic height D
was computed by vertically integrating the speciﬁc
volume anomaly from the 1 500 dbar reference level.
Then, the geostrophic current was determined using
the horizontal gradients of D:
(u g , vg )  (-

1 D 1 D
,
),
f y f x

(1)

where f is the Coriolis parameter. To examine the
impact from the El Niño-Southern Oscillation
(ENSO), the monthly Niño-3.4 index during 1950–
2012 was taken from the Climate Prediction Center of
NOAA (www.cpc.ncep.noaa.gov/data/indices/) as a
proxy of ENSO variability.
The Oceanic General Circulation Model for the
Earth Simulator (OFES) (Masumoto et al., 2004;
Sasaki et al., 2004) is based on the third version of the
Modular Ocean Model, developed by the Geophysical
Fluid Dynamics Laboratory/National Oceanic and
Atmospheric Administration. It covers a near-global
region extending from 75°S to 75°N, excluding the
Arctic Ocean, with horizontal resolution of 0.1°×0.1°
and 54 levels. The layer thickness varies from 5 m
near the surface to 330 m near the bottom. The model
topography was constructed from a 1/30 degree
bathymetry data set created by the Ocean Circulation
and Climate Advanced Modeling Project. The OFES
was ﬁrst spun up from a state of rest for 50 years,
adopting the annual mean climatology of the World
Ocean Atlas 1998 as the initial conditions. Restarting
from the already spun-up solution, the model was then
integrated forward from 1950 using daily surface wind
stress, heat ﬂux, and salinity ﬂux from the National
Centers for Environmental Prediction/National Center
for Atmospheric Research reanalysis product (Kalnay
et al., 1996) as the surface forcing ﬁelds. For further
details regarding the OFES conﬁguration, readers are
referred to Masumoto et al. (2004) and Sasaki et al.
(2004). In this study, we analyzed the monthly outputs
of temperature, salinity, and ocean currents for the
period 1950–2012. The OFES product has been used
widely to investigate ocean phenomena at various
spatial and temporal scales (e.g., Kashino et al., 2011;
Qu et al., 2012; Qiu et al., 2015). In particular, recent
studies using OFES have investigated the
subthermocline circulation of the northwest tropical
Paciﬁc Ocean and demonstrated its usefulness for
understanding the ocean dynamics of this region (e.g.,
Qu et al., 2012; Chiang and Qu, 2013; Chiang et al.,
2015; Qiu et al., 2015; Wang et al., 2016).
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3 SUBTHERMOCLINE ANTICYCLONIC
GYRE
Here, we examine the climatological structure of
the intermediate circulation in the southern Philippine
Sea using WOA13 data and OFES output. In this
region, the water of 25.8 σθ corresponds roughly to
the main thermocline, and the water above can be
regarded as the upper ocean (Fig.2a). The circulation
pattern for water <25.8 σθ roughly resembles the
surface current structure based on satellite SSH data
(Fig.1). The westward NEC, southward MC, and
eastward NECC are the major currents that dominate
the circulation structure of the southern Philippine
Sea. Further to the south, the HE manifests as the
local maximum of dynamic height and the anticyclonic
ﬂow northeast of Halmahera Island. At the sea surface,
the center of the HE, as indicated by the local SSH
maximum, is located east of 130°E (Fig.1). Its
diameter is about 4°–5° (i.e., ~500 km) in the zonal
direction. However, in the mean circulation of the
upper ocean, the HE is greatly reduced in size and its
center is shifted to around 4°N, 129°E. This
northwestward shift of the HE has been reported in
previous studies and it was believed linked to the
ACG in the intermediate layer (e.g., Qu et al., 1999;
Wang et al., 2015). The average geostrophic current
for 26.8–27.3 σθ water represents the circulation
pattern of the intermediate layer (Fig.2b) because this
layer includes the primary intermediate water masses
in this region. The ACG is evident east of Mindanao,
covering a large area from the Mindanao coast
(~127°E) to 131°E and from 4°N to 10°N. It is
accompanied by a northward ﬂow along the Mindanao
coast, characterizing the MUC. On the northern ﬂank
of the ACG, some of the MUC water turns eastward,
giving rise to an eastward ﬂow that extends into the
basin interior. This eastward subthermocline ﬂow
beneath the westward-ﬂowing NEC is the southern
branch of the North Equatorial Undercurrent jet
(Wang et al., 1998, 2015; Qiu et al., 2013, 2015).
Both the location and the size of the ACG deviate
greatly from the HE in the upper ocean.
Revealing the detailed structures of the HE and
ACG requires an analysis with a high-resolution
dataset. The annual mean climatological circulation
patterns in OFES (Fig.3a, b) are roughly consistent
with the WOA13 data in both the upper and
intermediate layers. Importantly, the locations and
structures of the surface HE and the subthermocline
ACG are also in agreement with the observations.
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Fig.2 Dynamic height (color shading; m2/s2) and geostrophic
current (vectors; cm/s) averaged over (a) the upperocean layer (<25.8 σθ) and (b) the intermediate layer
(26.8–27.3 σθ) based on the WOA13 annual mean
climatology
Dynamic height and geostrophic current are relative to 1 500 dbar.

Figure 3c and d shows the temperature and potential
density sections at 4°N and 5.8°N, approximately
across the centers of the HE and the ACG, respectively.
In this region, the density stratiﬁcation is controlled
primarily by temperature (Qu et al., 1999; Li and
Wang, 2012). Consequently, the isotherms tend to
coincide with the isopycnals in vertical displacement.
At 4°N (Fig.3c), the HE around 130°E (blue star in
Fig.3a) is characterized by a dramatic downwelling of
surface warm water and a sinking of the 25.8 σθ
isopycnal. Its impact on the temperature and density
is primarily conﬁned to within the upper 500 m of the
ocean, and its inﬂuence in the intermediate layer (i.e.,
26.8–27.3 σθ; 400–1 000 m) is much reduced. At
5.8°N (Fig.3d), the ACG, centered at 128.5°N (red
asterisk in Fig.3b), is characterized by downwelling
features of the isotherms and isopycnals in the
intermediate layer. Overlying the ACG, there is strong
upwelling associated with the ME in the upper 500 m.
All these features are consistent with existing
knowledge based on previous observational studies
(e.g., Qu et al., 1999; Kashino et al., 2013; Wang et
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Fig.3 Ocean current (cm/s) averaged over (a) <25.8 σθ and (b) 26.8–27.3 σθ based on OFES output of 1950–2012; the blue
line denotes the HE–ACG section, passing through the center locations of the HE (blue star) and the ACG (red
asterisk); (c) and (d) Vertical potential temperature sections (color shading; °C) at (c) 4°N and (d) 5.8°N
The contours denote the potential density (kg/m3).

al., 2015). However, whether the subthermocline
ACG is associated with the surface HE requires
further examination.
Figure 4 shows the temperature-salinity and current
distributions along the HE-ACG section, which
connects the centers of the HE (star) and the ACG
(asterisk) in Fig.3. The ME and HE are characterized
by upwelling at 128°E and downwelling at 130°E in
the potential temperature and salinity ﬁelds above
300 m (Fig.4a, b, e, f). The intermediate ACG
manifests as a sinking of the isotherms at 800 m,
below the ME (Fig.4a, e). The upwelling of the ME in
the upper ocean and the ACG’s downwelling together
give rise to a thick layer of fresh water in the salinity
ﬁeld (Fig.4b, f), which is occupied primarily by
Antarctic Intermediate Water, as reported in previous
studies (e.g., Qu et al., 1999; Qu and Lindstrom,
2004; Wang et al., 2015). All these thermohaline
structures are realistically reproduced by the OFES.
In the velocity ﬁelds, the upper-ocean circulation is

featured by a southwest-northeast-southwest structure
in the upper 300 m, reﬂecting the ME-HE eddy pair
(Fig.4c, d; the southwestward velocity is not drawn
east of 131°E in the OFES, which is similar to the
WOA east of 130°E in Fig.4g, h). The signatures of
the HE extend to ~380 m from the surface, becoming
weaker in strength and smaller in scale with increasing
depth. At 400 m, the HE signatures are no longer
discernible. The velocity distribution is distinct from
that in the upper ocean. The ACG (blue dashed box)
involves northeastward ﬂow and southwestward ﬂow
to the west and the east of 128°E, respectively. It is
located beneath the cyclonic ME. The ACG exists at
400–1 100 m with a center at 5.8°N, 128.5°E. Its
structure is rather stable over 500–1 100 m, showing
little vertical change with depth. This is distinct from
the surface HE, which is tilted and seen to weaken
with depth. The anticyclonic ﬂow of the ACG is much
stronger than the lower portion of the HE at 200–
300 m and it is disconnected from it. From this point
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Fig.4 Vertical sections of (a) potential temperature T (°C), (b) salinity S, (c) zonal current U (cm/s), and (d) meridional
current V (cm/s) along the HE-ACG section shown in Fig.3 based on OFES output of 1950–2012
Black contours in (a) and (b) denote potential density (kg/m3); (e)–(h) are the same as (a)–(d) but based on WOA13 climatology. The blue star marks
the location of the center of the HE, and the asterisk marks the center of the ACG. The dashed red frame denotes the approximate scope of the HE,
while the blue frame outlines the ACG. The blank denotes areas where the geostrophic current could not be estimated.

of view, the ACG could not be descended from the
surface HE and thus, it is reasonable to suggest that
the subthermocline ACG is probably unrelated to the
surface HE. Figure 4 also suggests that the OFES can
realistically represent the thermohaline and current
structures of the upper and intermediate ocean in this
region.
The eddy-resolving OFES product is able to
represent the detailed features of the ACG. The
anticyclonic ﬂow of the ACG can be quantiﬁed by the
relative vorticity ω of intermediate ﬂow:



v u
 .
x y

(2)

The ACG is therefore represented by negative
relative vorticity (“relative” omitted hereafter) values
in the intermediate layer. Figure 5 shows the
climatological vorticity averaged over 460–1 041 m.
Negative vorticity values east of Mindanao are
gathered in two patches. The southern patch is
centered at 5.8°N, 128.5°E, extending over the area of
3°–8°N, 127°–131°E; hereafter, it is referred to as the
southern ACG (SACG). The SACG incorporates the
northward ﬂow from the southern tip of Mindanao to
~7°N. Another patch of negative vorticity is centered
at 10°N, 128.1°E, extending over the area of 8°–12°N,
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Fig.5 Annual mean climatology of relative vorticity (color
shading; /s) and current (blue vectors; cm/s) averaged
between 460–1 041 m in the southern Philippine Sea
from the OFES output of 1950–2012
The solid rectangle denotes the SACG box (3°–8°N, 127°–131°E) and
the dashed rectangle denotes the NACG box (8°–12°N, 126°–130°E).

126°–130°E, which is referred as the northern ACG
(hereafter, NACG). The NACG incorporates the
northward ﬂow from 8°–12°N along the Mindanao
coast. The latitude-depth distributions of U and V
along the Philippine coast provide further insight
(Fig.6). Consistent with Fig.5, the SACG is
characterized by an onshore (westward) ﬂow between
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Fig.6 Latitude-depth sections of the annual mean (a) zonal and (b) meridional current (cm/s) averaged within a 2° longitude
band oﬀ the Philippine coast, based on OFES output of 1950–2012
The dashed curves denote the 0 contour.

3°–6°N and an oﬀshore (eastward) ﬂow between 6°–
8°N at 400–1 100 m, while the NACG is located
between 8°–12°N and is smaller in size than the
SACG (Fig.6a). The SACG and NACG give rise to
two maxima in the northward ﬂow (~10 cm/s) along
the Mindanao coast (Fig.6b). The more southerly, at
~6°N, is related to the SACG, which can be regarded
as the upstream part of the MUC, while the more
northerly, located at 10°N, is related to the NACG,
which can be regarded as the downstream part of the
MUC. In Section 4, we show that the NACG and
SACG exhibit distinctly diﬀerent variations, leading
to complex variability of MUC transport. The spatial
distribution and typical magnitude of V in Fig.6b are
generally consistent with the observational data
shown in Qiu et al. (2015).

4 TEMPORAL VARIABILITY
The above analysis describes the climatological
characteristics of the subthermocline ACG. This
section explores the seasonal and low-frequency
variabilities of the ACG and their relationship with
the MUC. As long-term subthermocline observations
with good coverage are unavailable, we can only
verify the OFES performance in simulating surface
circulation variability. The monthly sea level anomaly
(SLA) from the OFES is highly consistent with the
AVISO SLA on seasonal and interannual timescales
in the SACG and NACG, although the OFES-modeled
SLA has smaller amplitude (Fig.7). The correlation
between the OFES and AVISO time series is 0.89 in
the SACG and 0.74 in the NACG. The agreement of
the OFES output with AVISO and WOA13 data
indicates the ﬁdelity of the OFES in representing the

circulation structure and variability east of Mindanao.
In addition, several recent studies have already
provided some reasonable insights into the
subthermocline circulation of this region based on
OFES output (e.g., Qu et al., 2012; Chiang and Qu,
2013; Chiang et al., 2015; Qiu et al., 2015). This also
gives us conﬁdence to investigate the variability of
the ACG and MUC with this state-of-the-art model.
4.1 Seasonal cycle
Figure 8 displays the monthly climatology of the
intermediate circulation east of Mindanao from the
OFES output of 1950–2012. An anticyclonic ﬂow
associated with the ACG, with northward ﬂow along
the Mindanao coast and southward ﬂow east of 128°E,
is discernible throughout a year. The strength of the
ACG is evidently stronger during December–May
than the rest of the year. During May–July, the ACG
is greatly reduced in strength. Correspondingly, the
MUC also exhibits a similar seasonality, with stronger
northward ﬂow near the Mindanao coast during
December–May. Thus, a stronger (weaker) ACG
leads to greater (smaller) MUC transport.
To quantify the seasonal variations better, in Fig.9,
we compared the monthly seasonal cycles of the
SACG, NACG, and MUC transports. Here, the MUC
transport was calculated by integrating V between
460–1 041 m and within 2° oﬀ the Mindanao coast.
The SACG (black line; Fig.9a) is strongest during
December–January, as indicated by the negative
vorticity peak, and it weakens rapidly during
February–July. It has a large impact on the upstream
MUC transport at 6°N (gray line; Fig.9a), which has
enhanced magnitude during March–April when the
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Fig.7 Monthly SLA (cm) time series during October 1992 to December 2012 from the OFES output (black line) and AVISO
product (gray line) averaged over (a) the SACG and (b) the NACG

ACG is strong and minimum magnitude in July when
the ACG is weakest. The northward transport
averaged between 6°–10°N is a measure of the mean
MUC transport along the Mindanao coast (black
dashed line). Its seasonal cycle is strikingly similar to
that of the upstream transport at 6°N, although its
amplitude is larger. This result suggests the important
role of the SACG in determining the seasonal variation
of the MUC transport. The NACG shows a diﬀerent
seasonal cycle, which is stronger in boreal winter and
weaker in May–July (Fig.9b). Correspondingly, the
downstream MUC transport at 10°N is also stronger
in boreal winter and it shows a minimum in June.
Interestingly, the average MUC transport is likely
unrelated to the downstream MUC transport; their
seasonal variations are nearly out of phase. In
summary, Fig.9 suggests that the seasonal variation of
the SACG (NACG) is closely associated with the
MUC transport in its upstream (downstream) area.
Because the average MUC transport is dominated by
its upstream part on the seasonal timescale, the role
played by the SACG is much more important than the

NACG.
A power spectrum analysis was applied to obtain
the dominant frequency over which the ACG and the
MUC transport vary (Fig.10). A seasonal cycle with a
period of 1 year is remarkable in the SACG, NACG,
and MUC transport (above the 95% signiﬁcance
level), indicating the robustness of the seasonality
discussed above. However, high power values can be
seen on the interannual timescale. The SACG shows a
peak at 4–8 years (Fig.10a), while the NACG has
enhanced power at 3–5 years. The average MUC
transport, on the other hand, exhibits two power peaks
at 3–4 and 6–8 years, which might be associated with
the higher-frequency variability in the NACG and
lower-frequency variability in the SACG, respectively.
On the decadal timescale (>8 years), their variations
are much weaker. This feature highlights the diﬀerence
between the subthermocline and the upper-ocean
circulations. Strong decadal variations have been
observed in the upper-ocean currents of this region, as
indicated by sea level variations (Fig.7) and previous
studies (e.g., Chen and Wu, 2012; Qiu and Chen,
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Thin black lines denote the average MUC transport (Sv) between 6°–10°N.

2012; Zhao et al. 2013). The prominent interannual
variations and their possible causes are discussed in
the following subsection.
4.2 Interannual variability
We further investigate the interannual variations of

the ACGs and their relationships with the MUC
transport. Here, the interannual anomaly was obtained
by applying a 13-month Lanczos low-pass ﬁlter
(Duchon, 1979). The low-passed SACG vorticity is
correlated signiﬁcantly with upstream MUC transport
with a correlation coeﬃcient of r=-0.65 (Fig.11a).
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The time series shows that most of the large positive
(negative) MUC transport anomalies are induced by
negative (positive) ACG vorticity anomalies. A
similar relationship holds between the NACG
vorticity and downstream MUC transport, which has
a correlation coeﬃcient of r=-0.64 (Fig.11b). The
interannual variations of the MUC transport are
closely associated with the ACGs. Interestingly, no
signiﬁcant relationship is found between the upstream
and downstream transports of the MUC or between
the SACG and NACG. This indicates that the SACGupstream MUC system and the NACG-downstream
MUC system are possibly controlled by diﬀerent
mechanisms. The average MUC transport (thin black
line) is positively correlated with the upstream MUC
transport (r=0.53) but negatively correlated with the
downstream MUC transport (r=-0.70; Fig.11); both
exceed the 95% signiﬁcance level. However, the

negative correlation rules out the downstream
transport as the dominated driver of MUC variability,
albeit with a larger correlation magnitude. This means
that the interannual variations of the average MUC
transport are controlled primarily by its upstream
component, and that the impact of the SACG is much
larger than the NACG, which is similar to the case of
the seasonal cycle.
Given the importance of the ACG in determining
MUC variability, it is of interest to consider the
processes responsible for the pronounced interannual
variations of the ACG. It is well known that the
interannual variations of the upper-ocean circulation
of this region, which can be represented by sea level
variations, are predominantly determined by wind
stress forcing via local Ekman pumping and by
remotely forced westward-propagating Rossby waves
(e.g., Qiu and Joyce, 1992; Qiu and Chen, 2010;
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Kashino et al., 2011; Li et al., 2012; Zhao et al., 2013).
One salient feature of such a 1st baroclinic mode ocean
response to wind forcing is the out-of-phase
circulation anomalies above and below the main
thermocline (e.g., Gill, 1982). If this mechanism
dominates the subthermocline ACG on an interannual
timescale, the ACG vorticity should show high
positive correlation with the overlying sea level
change, i.e., a positive vorticity anomaly (cyclonic)
should corresponds to a positive SLA (anticyclonic).
To examine this hypothesis, we compared the
13-month low-passed ACG vorticity (thick black
line) and SLA (thick gray line) in Fig.12a and b. The
correlations are 0.16 and 0.25 in the SACG and
NACG, respectively. These correlations do not
change much if the lead-lag relationship is considered
or if the cut-oﬀ length of the low-pass ﬁlter is changed
(ﬁgures not shown). The correlations are not high, but
over a 63-year record, the correlation coeﬃcient of
r=0.25 is signiﬁcant at the 95% conﬁdence level,
assuming a freedom degree of 63 for interannual
variability. Close inspection of the time series suggests

that ACG vorticity and SLA do indeed show
covariance in some periods, e.g., 1958–1966, 1972–
1980, and 2006–2012 for the SACG region, and
1966–1979, 1983–1990, and 2006–2012 for the
NACG. This relationship indicates that part of the
ACG variation might derive from surface wind
forcing of the upper-ocean circulation, at least in
some of the interannual events.
Another detectable feature of the wind-forced
variations is their tendency of westward propagation
(e.g., Qiu and Joyce, 1992; Qiu and Chen, 2010; Li et
al., 2012). However, in the time-longitude plots of
vorticity anomaly, such tendency is not seen for either
SACG or NACG (Fig.13). Instead, large vorticity
variations are likely generated locally and conﬁned to
the western boundary. This pattern suggests the
possibility that interannual variability of the ACG
might arise partly from the oceanic internal instability
of the strong western boundary currents, such as
shear-induced dynamical instabilities. Further
research is needed to investigate this possibility fully.
In addition, wind-driven oceanic interannual

No.6

SONG et al.: Subthermocline anticyclonic gyre and its relationship with the Mindanao Undercurrent

variations in this region are closely associated with
ENSO (e.g., Kashino et al., 2009, 2011; Qiu and
Chen, 2010; Li et al., 2012; Zhao et al., 2013), because
tropical Paciﬁc Ocean surface wind variations are
dominated by ENSO on the interannual timescale.
The correlation between SACG vorticity and the
Niño-3.4 index reaches -0.41 when the SACG leads
by 6 months, while the NACG also shows a negative
correlation (-0.1 to -0.3) during the year prior to an El
Niño event. It means that at the developing stage of an
El Niño, the ACGs are enhanced (negative vorticity
anomaly). This might be related with the enhanced
East Asian summer monsoon in the developing year
of an El Niño (e.g., Tomita and Yasunari, 1996; Wang
et al., 2000), which gives rise to anomalous cyclonic
wind stress curl over the Philippine Sea (e.g., Li et al.,
2014). As the 1st baroclinic mode response to this
surface cyclonic wind, an anomalous anticyclonic
ﬂow is produced below the thermocline. This
relationship is also reﬂected in the MUC transport,
which shows a correlation of r=0.36 (exceeding the
80% signiﬁcance level) with the Niño-3.4 index at
seven months’ lead, although the correlation is only
0.12 for synchronous data (Fig.12c). The monsoon
wind anomalies induced by ENSO enhance the MUC
transport through strengthening the subthermocline
ACG (mainly the SACG). This mechanism is in
agreement with the numerical model results of Hu et
al. (2015b), which demonstrated that the wind stress
forcing in the far western Paciﬁc Ocean (120°–150°E)
explained a large proportion of the interannual
variability of the MUC. If this were the case, both the
upper-ocean and intermediate-layer circulation
variations would be attributable to ENSO to some
extent. Then, one might consider the reason for the
low correlation between the ACG and SLA. This
might be related to the fact that the upper-ocean
circulation variations (SLA) of the Philippine Sea are
controlled primarily by remote wind forcing from the
central to eastern Paciﬁc through westwardpropagating Rossby waves (e.g., Qiu and Joyce, 1992;
Qiu and Chen, 2010; Li et al., 2012), while the ACG
variations are aﬀected by the local wind forcing of the
summer monsoon (Fig.13). This diﬀerence could
possibly lead to the low correlation between SLA and
the ACG. However, we need to notice that the
relationship between the ACG (or MUC) and ENSO
is not close. Therefore, a large proportion of ACG
variability cannot be explained in the present analysis.
Further investigation is required to uncover the
underlying mechanisms fully.

1315

5 CONCLUSION
While the upper-ocean circulation of the Philippine
Sea has been investigated extensively, knowledge of
the subthermocline circulation of this region remains
fragmented. One of the salient features of the
subthermocline circulation is the quasi-permanent
ACG that exists to the east of Mindanao. It involves a
northward ﬂow along the Mindanao coast and thus, it
is associated closely with the MUC. In this study, we
investigated the spatial structure and temporal
variability of the subthermocline ACG, together with
its relationship with the MUC transport. The objective
was to provide further insight into the regional ocean
dynamics by extending the knowledge of the upperocean circulation to the intermediate layer.
The anticyclonic structure of the HE is conﬁned in
the upper 400 m and to the east of 130°E. However,
the ACG in the intermediate layer (26.8–27.3 σθ)
exists below the cyclonic ME and it covers a large
area of the region 3°–10°N, 127°–131°E, which
deviates greatly from the HE. The anticyclonic ﬂow
of the ACG is disconnected from and much stronger
than the lower portion of the HE at 200–400 m. Given
this situation, it is unlikely that the subthermocline
ACG is related to the surface HE. Comparisons
between the OFES output with observational data of
AVISO and WOA13 suggest the ﬁdelity of the OFES
in simulating the upper and intermediate circulation
of this region. Analysis of the eddy-resolving OFES
simulation revealed further detailed features of the
ACG. The ACG in the OFES comprises two
components. The ﬁrst is the SACG, centered at 5.8°N,
128.5°E (covering an area of 3°–8°N, 127°–131°E),
which incorporates the northward ﬂow from the
southern tip of Mindanao to ~7°N. The second is the
NACG, centered at 10°N, 128.1°E (covering an area
of 8°–12°N, 126°–131°E), which incorporates the
northward ﬂow from 8°–12°N along the Mindanao
coast.
While the SACG is seen in the WOA13 climatology
and some previous observational studies (e.g., Qu et
al., 1999; Qiu et al., 2015; Wang et al., 2015), the
structure of the NACG is not evident in the WOA13
climatology nor in the results of Qu et al. (1999) and
Wang et al. (2015). In these datasets, heavy smoothing
was employed and thus, they might not be able to
resolve fully the complex circulation structure near
the western boundary. In the new dataset of Qiu et al.
(2015), which incorporates more data, especially the
recently collected high-resolution (1/8 degree) Argo
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ﬂoat data, an anticyclonic structure similar to the
NACG is clearly evident to the northeast of Mindanao
(their Fig.4). Therefore, the NACG is likely not an
artiﬁcial phenomenon and a high-resolution dataset
will be required to resolve its structure accurately.
The seasonal and low-frequency variabilities of the
ACG and their impact on the MUC were explored.
The SACG is strongest during December–January
and weakest in July. It has a large impact on the
upstream MUC transport at 6°N, which shows a
similar seasonal cycle. Interestingly, the average
transport averaged between 6°–10°N, as a measure of
the mean MUC transport along the Mindanao coast,
also shows a seasonal cycle that has striking
resemblance to that of the upstream MUC transport at
6°N. However, the NACG is stronger in boreal winter
and weaker in May–July. Correspondingly, the
downstream MUC transport at 10°N is also stronger
in boreal winter and it shows a minimum in June. The
average MUC transport is however unrelated to the
downstream MUC transport. Therefore, on the
seasonal timescale, the SACG has a larger impact on
the average MUC transport than the NACG. A power
spectrum analysis was performed to obtain the
dominant frequencies at which the ACG and MUC
vary. In addition to the seasonal cycle (1 year), the
SACG (NACG) shows enhanced power over the
period of 4–8 years (3–5 years), while the MUC
transport exhibits two power peaks at 3–4 and 6–8
years. In comparison, variations on the decadal
timescale (>8 years) are much weaker than the
interannual variabilities.
On the interannual timescale, the ACG is closely
related to the MUC transport. Variations of the
average MUC transport are likely dominated by its
upstream part and hence, the SACG plays the more
important role. Possible causes for the ACG variability
were discussed. Interannual variations of the ACG are
not correlated signiﬁcantly with the SLA, and the
ACG anomalies do not show an evident tendency of
westward propagation. These features are dramatically
diﬀerent from the upper-ocean circulation variability.
The SACG vorticity shows a correlation of r=-0.41
with the index when it leads the Niño-3.4 index by 6
months, while the NACG also shows a negative
correlation (-0.1 to -0.3) during the year before an El
Niño event. Interestingly, the MUC transport also
shows a correlation of r=0.36 with the Niño-3.4 index
at a 7-months lead. It means that ENSO might aﬀect
the ACG and MUC variations through the local wind
forcing of the East Asian monsoon. At the developing
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stage of an El Niño, the enhanced East Asian summer
monsoon gives rise to anomalous cyclonic wind stress
curl over the Philippine Sea, which leads to an
anticyclonic anomalous ﬂow below the thermocline
as a 1st baroclinic mode ocean response and to the
strengthening of the ACG and MUC. In addition to
ENSO-related local wind forcing, some of the ACG
and MUC variability might arise from oceanic internal
instability of the western boundary currents.
This study described the seasonal/interannual
variations of the ACG and its relationship with the
MUC, but did not draw ﬁrm conclusions regarding
the underlying mechanisms. In fact, it is diﬃcult to
address this subject with the present data and methods,
because the ACG anomaly does not show a very
strong relationship with the overlying sea level or
surface winds. This mechanism is however very
important and of considerable interest, because it
provides indications regarding the generation of the
ACG and MUC. To achieve an in-depth understanding
of this issue, a process-oriented ocean modeling
research project should be conducted in the future,
with experiments to isolate the eﬀects of diﬀerent
processes, such as local/remote wind forcing, oceanic
internal instability, and heat and freshwater ﬂuxes.
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