JuLy 2017

YANG ET AL.

Role of the South China Sea in Regulating the North Pacific
Double-Gyre System

HAIYUAN YANG AND LIXIN WU

Physical Oceanography Laboratory/CIMST, Ocean University of China and Qingdao National Laboratory
for Marine Science and Technology, Qingdao, China

SHANTONG SUN
Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California

ZHAOHUI CHEN

Physical Oceanography Laboratory/CIMST, Ocean University of China and Qingdao National Laboratory
for Marine Science and Technology, Qingdao, China

(Manuscript received 13 December 2016, in final form 9 April 2017)

ABSTRACT

The role of the South China Sea (SCS) in regulating the North Pacific circulation is investigated using a two-
layer quasigeostrophic (QG) model. The double-gyre circulations in the North Pacific with and without the
SCS are compared and analyzed. It is found that the SCS acts as a sink of both potential vorticity (PV) and
energy in the Pacific-SCS system for the mean state. Consequently, the Kuroshio and the upstream Kuroshio
Extension (KE) are weaker in the presence of the SCS. Moreover, the eddy activity is also lower in the North
Pacific Ocean because the barotropic instability is suppressed for a weaker circulation. In terms of low-
frequency variations at interannual to decadal time scale, the presence of the SCS is found to enhance the
variability of the latitudinal position and intensity of the KE jet. This is explained by a positive feedback
process that is associated with the negative correlation between the inertia of the Kuroshio and its intrusion
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into the SCS.

1. Introduction

Interaction between the open ocean and marginal seas
is an important process in the global ocean, playing an
important role in regulating the potential vorticity (PV),
energy, and heat balance of the circulation system. For
the marginal seas, exchange of PV and mass with the
open ocean would affect their thermocline structures
and therefore regulate the circulation characteristics
(Helfrich and Pratt 2003). For example, the pattern of
South China Sea (SCS) deep circulation can be ex-
plained by the intrusion of high PV water from the Pa-
cific (Wang et al. 2011; Lan et al. 2013). For the open
ocean, interaction with the marginal seas may also sig-
nificantly influence its circulation pattern and eddy ac-
tivity (e.g., Kida et al. 2009). In the Atlantic Ocean, for
instance, the establishment of the Azores Current is
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attributed to the mass compensation for water exchange
between the Atlantic Ocean and the Mediterranean Sea
(Kida et al. 2008).

In the North Pacific Ocean, interaction between the
SCS and the Pacific Ocean mainly takes place at the
Luzon Strait associated with the Kuroshio intrusion into
the SCS (Xue et al. 2004; Gan et al. 2006; Liang et al.
2008; Nan et al. 2011). During this process, the main axis
of the Kuroshio flows into the SCS through the Ba-
lintang Channel and flows out of the SCS subsequently
through the Bashi Channel, making an important con-
tribution to the exchange of PV, energy, and mass be-
tween these two basins. Previous studies suggest that the
Kuroshio intrusion can significantly regulate the mean
circulation and oceanic variability in the northern SCS
(Hu et al. 2000; Liu et al. 2008; Nan et al. 2015). It is also
found that the Kuroshio intrusion can exert crucial im-
pacts on the downstream Kuroshio. For example, the
path of the Kuroshio to the northeast of Taiwan is found
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to be largely influenced by its mean-state trajectory at
the Luzon Strait (Hsin et al. 2013). A looping current at
the Luzon Strait is associated with a larger eastward
current in the northern Luzon Strait and would generate
an offshore displacement of the Kuroshio from Taiwan.
In contrast, a relatively straight path of the Kuroshio
near Luzon tends to make the Kuroshio closer to the
Taiwan Island. This will further influence the intensity of
frontal eddies southeast of Taiwan (Jing and Li 2003;
Kuehl and Sheremet 2009), the upwelling process
northeast of Taiwan (Wu et al. 2008), and the Kuroshio
intrusion into the East China Sea (Wu et al. 2014). In
addition, the water from the SCS can join the Kuroshio
around the southern tip of Taiwan (Liang et al. 2003),
affecting the biochemistry of the Kuroshio (Chang et al.
2009). As suggested by Yang and Price (2007), in-
teraction between two ocean basins through a channel
may cause a basin-scale adjustment process. However,
all those studies working on the North Pacific have been
focused on the local circulation and the Kuroshio itself,
but determining the role of the SCS in regulating the
entire North Pacific double-gyre circulation remains
elusive.

The circulation in the North Pacific is characterized
by a double-gyre system, which is a classical topic in
ocean circulation dynamics (Pedlosky 1996). In this
system, western boundary currents play an irreplaceable
role in the mass conservation, energy/PV budget, and
heat transport. For the mean state, western boundary
currents are the mass compensation for the ocean cur-
rents in the interior ocean (Stommel 1948). Moreover,
advection of PV by the western boundary currents
maintains the strong recirculation (Marshall and Nurser
1986; ITerley 1987; Cessi 1988; Marshall and Marshall
1992), which further regulates the state of the eastward
jet and gyre system (Cessi 1988; Jiang et al. 1995;
McCalpin and Haidvogel 1996). In addition to the mean
state, previous studies also highlighted the role of
western boundary currents in regulating the temporal
variability in the circulation system. Based on both ob-
servations and model simulations, it is found that the
double-gyre circulation is a highly nonlinear system with
energetic eddies, and low-frequency variability of this
system is characterized by changes in the meridional
position and strength of the oceanic eastward jet (Dewar
2003; Taguchi et al. 2007; Berloff et al. 2007a). Berloff
and McWilliams (1999b) reported that the eastward jet
can be disrupted and broadened in the regime with a
strong, local instability of the western boundary current.
Chang et al. (2001) found that transition of the double-
gyre system from high-energy state to low-energy
state is accompanied by the rapid change of western
boundary currents. Berloff et al. (2007a) examined this
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low-frequency evolution in detail through PV budget
analysis and concluded that change of lateral dissipation
associated with western boundary currents plays a
damping role in this evolution. Overall, these studies
implied the possibility that presence of the SCS may
regulate the double-gyre system in the North Pacific
Ocean, given the role of the SCS in influencing the up-
stream Kuroshio.

By using a two-layer quasigeostrophic (QG) model,
the role of the SCS in regulating the North Pacific cir-
culation is studied in this paper in terms of both the
mean circulation and its temporal variability. Here, we
focus on the intrinsic ocean dynamics. The external ef-
fects, such as the wind forcing, bottom topography, and
the shape of the basin will not be considered. This paper
is organized as follows: Section 2 gives a brief de-
scription of the QG model. In section 3, a detailed ex-
amination of model results is presented, followed by
analysis of the relevant mechanism in section 4. This
paper is summarized in section 5.

2. Model

In this study, we use a two-layer QG model with the
governing equations (Pedlosky 1987)

9q f;

a—tl+J(¢l,ql):Hiw+AHv4¢l, and  (la)
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Here, g; represents PV, ¢; is the streamfunction, Ay =
150m?s~! is the horizontal eddy viscosity coefficient,
vy = 107757 ! represents the linear bottom friction co-
efficient, and H; indicates the mean layer thickness,
where the subscript i (i = 1, 2) is the layer index, starting
from the top layer. The symbol V? is the horizontal
Laplacian operator, and J(a, b) = a.b, — a,b, is the
Jacobian operator. The term ¢; is connected with ;
through the coupled elliptic equations:

f

G =Vt g (=) TRy, and - (2a)
2
q, = V2(//2 + g{?_lz (‘/ﬁ - ll’z) + By’ (Zb)

where ¢ = 0.03ms ™ represents the reduced gravity
(¢ = gAplp). During the numerical calculation, an ei-
genmode decomposition method is used to decouple
these equations (Zhong et al. 2016). The beta-plane
approximation is adopted with fy = 7 X 10 s~ ! and
B =2x10""m 's™!. The model domain in this study
includes two flat-bottom square basins that are
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FIG. 1. (a) The model domain used in this study. The black (white) areas denote the land
(ocean). The size of the basin and channel is indicated. (b) Ekman pumping velocity W
plotted as a function of y, which is defined in Eq. (3). The zero position of Ekman pumping
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velocity is plotted as a dashed—dotted line.

connected by a narrow strait, representing the western
Pacific and the SCS north of 15°N (Fig. 1a). The sizes
of the North Pacific, the northern SCS deep basin, and
the Luzon Strait are set to be L = 4000 km, / = 800 km,
and /; = 300 km, respectively. The depth of the upper
layer Hy is 300 m. The depth of the bottom layer H, is
3700m for the Pacific Ocean and 1700 m for the SCS
and the Luzon Strait, close to observations (Wang
et al. 2013).

The wind forcing W in the model is imposed as vertical
Ekman pumping velocity, which has a double-gyre pat-
tern in the modeled Pacific Ocean (Fig. 1b):

W= —w, {sin(i—ty) +0.1 sin(%y)}, 3)

where the amplitude wy is chosen as 2 X 10 ®ms™!

following previous QG studies (Sun et al. 2013), which
is comparable to observations (Risien and Chelton
2008). The meridional distance between the zero
Ekman pumping line and the Luzon Strait is about
1500 km, comparable to observation as well (Risien
and Chelton 2008). With this wind forcing setting, the
Sverdrup transport is about 30Sv (1Sv = 10°m?®s™ 1)
in the subtropical gyre, which is smaller than reality
(~40Sv; Isobe and Imawaki 2002) because of the
narrow Pacific basin in the model. The forcing is set to
be slightly asymmetric with respect to the midlatitude
of the basin in order to avoid the artificial symmetri-
zation of the gyres (Berloff and McWilliams 1999a). In
the reference run, the forcing is only applied in the
Pacific Ocean, and it is confirmed by diagnosing that

the role of wind forcing in the SCS is negligible
(not shown).

The boundary conditions used here are the no normal
flow condition

;= (1) (4)

and partial-slip lateral boundary condition (Haidvogel
et al.1992)

2
d l/ji+aa_l/ji:
on? on

0, ®)

where n represents the outward unit normal vector. In
this study, the dynamical streamfunction, which is de-
fined as the difference between streamfunction and
streamfunction at the boundary (Cessi and Primeau
2001),

l/jdynamic = lﬁ - lpboundary ’ (6)

is used to determine the intergyre boundary between
two gyres. In the reference case, @ = 0.05km ™' lies be-
tween the no-slip lateral boundary condition & — % and
the free-slip boundary condition « = 0. In addition, the
mass conservation equation (McWilliams 1977)

& |~ wyaa=o ™)

is adopted, where dA is the elementary area.
The spatial resolution §; in this study is 10 km. With
our parameter settings, the baroclinic deformation
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FI1G. 2. (top) Mean upper-layer streamfunctions (Sv) for (a) OL, (b) CL, and (c) their difference (OL minus CL). (bottom) As in (top), but
for the bottom-layer streamfunctions. Contour interval (CI) is 10 Sv in (a), (b), (d), and (e) and 2 Sv in (c) and (f).

radius R; = \/g’Hle/(Hl + H,)/fy is 41 km, which can
be resolved by four model grid points. The wave speed
of the first baroclinic long Rossby wave Cx = BR% =
3.4cms~! and is consistent with the estimation in the
midlatitude Pacific Ocean (Chelton et al. 2011).

In this study, two simulations are performed: the
“opened Luzon” simulation (OL) and the ‘“closed
Luzon” simulation (CL). In each case, the model is first
integrated using the leapfrog time-stepping algorithm
from rest to a statistical equilibrium, which is de-
termined by the total kinetic energy. After a spinup for
100 years from a state of rest, each case is integrated for
another 175 years, and the results are saved every 8 days
for analysis in sections 3 and 4. For more details about
the numerics of this model, readers are referred to Mu
et al. (2011) and Zhong et al. (2016).

3. Influence of the SCS on the double-gyre system
a. Mean state

Before exploring the influence of the SCS on the
North Pacific circulation system, we first examine the
model’s performance in the North Pacific region.
Figures 2a and 2b show the mean upper-layer stream-
functions derived from OL and CL, respectively. Al-
though the model is highly idealized, it appears to be
able to reproduce the basic features of the North Pacific

double-gyre system, with a cyclonic gyre in the north, an
anticyclonic gyre in the south, and a strong eastward jet
between the two gyres. In both cases, the total transport
of the Kuroshio at y = 1000 km (25°N) is around 30 Sv,
which is close to the Sverdrup transport at this latitude.
However, it is smaller than the real transport of the
Kuroshio across the PN line in the East China Sea
(40 Sv; Isobe and Imawaki 2002), which is mainly caused
by the narrow Pacific basin in the model. The transport
of the Oyashio at y = 3000 km (45°N) is around 23 Sv
and is comparable to both the Sverdrup transport at this
latitude (26Sv) and observations (Qiu 2001). After
separating from the western boundary, the offshore
Kuroshio enters the North Pacific Ocean and forms the
Kuroshio Extension (KE), which is characterized with
obvious quasi-stationary meanders and a pair of coun-
terrotating recirculation gyres on its flank (Fig. 2). The
total transport of the recirculation south of KE in QG
model reaches 100Sv and is generally comparable to
that from observations (Qiu 2001). It should be noted
that KE in this study is a confluence of Kuroshio and
Oyashio, thus part of the modeled KE is driven by
subpolar winds, which is different from reality (Yasuda
2003). In section 4c, we will discuss the case in which KE
and Oyashio Extension are separated. In the OL case, an
anticyclonic Loop Current is observed in the northern
SCS, which is caused by the Kuroshio intrusion in the
upper layer and resembles the patterns in previous QG
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FIG. 3. (a) Time-mean velocity (ms™ ') of KE in two cases [OL (solid); CL (dashed)]. (b) As in (a), but for the
velocity of the western boundary currents. (c) Velocity difference of KE between the two cases (OL minus CL).
(d) As in (c), but for the western boundary currents. Values greater than 0.4 ms™ ! are not presented.

studies (Mu et al. 2011; Zhong et al. 2016) and from
theoretical calculation (Sheremet 2001). The transport
of the Loop Current is 15 Sv and is close to the result of
Mu et al. (2011). Unlike the upper ocean, the bottom-
layer circulation is mainly confined to the KE regions
(Figs. 2d,e), in accord with previous studies (Dewar
2003; Berloff et al. 2007a). In the following, we will es-
timate the role of the SCS in regulating this system in
terms of both its mean state and variability.

Differences of the time-mean upper-layer stream-
functions between the two cases are shown in Fig. 2c.
Negative values are found in the subtropical region
(900 < x <1700km and 1000 < y <2000 km), implying a
weaker subtropical gyre when the Luzon Strait is open.
To clarify this in more detail, we calculate the time-
mean velocity of the upper-layer KE and western
boundary current in both cases (Fig. 3). Here, the ve-
locity of the KE plotted in Fig. 3a is the zonal velocity
along the zero time-mean dynamical streamfunction line
(thick black contour in Figs. 2a,b). The velocity of the
western boundary current plotted in Fig. 3b is the maxi-
mum meridional velocity within 900 < x < 1000km.
Along the KE, the time-mean velocity reaches its
maximum 1.6ms~! near the western boundary and
then decreases toward the east (Fig. 3a). Compared to
CL, the velocity of KE in OL is weaker by about 10%
between 900 < x < 1700km (Fig. 3c). Along the
western boundary currents, the velocity presents a bi-
modal structure with the maximums located at the
latitudes of the two recirculations (Fig. 3b). Compar-
isons between OL and CL indicate that the velocity of
Kuroshio in OL is reduced by about 8% between
800 < y < 1800 km, while differences of the Oyashio
between these two cases are insignificant (Fig. 3d). In
the bottom layer, we find the overall impact of the SCS
is similar to that in upper layer; the recirculation gyres
are weaker in OL than in CL (figure not shown).

b. Variability

Estimation of the perturbation kinetic energy (PKE)
is a direct way to measure the variability of ocean cir-
culation. In the upper layer, PKE is defined as

1/ oy, g\’
z( By ax)' ®

1 1
PKE:EUQ:5w34f=

Here, prime indicates anomaly; U = (uy, vy) is the
upper-layer horizontal velocity, and ¢ is upper-layer
streamfunction anomaly. According to previous studies,
both the mesoscale and low-frequency variability are
energetic in the ocean (Berloff and McWilliams 1999a).
To respectively characterize them, we decompose the
anomalous velocity field U’ for computing the PKE into

high-frequency Uiligh and low-frequency Uy, compo-
nents with a cutoff period of 500 days, that is,
U, = U;ﬂgh + U{ow . (9)

In this study, the cutoff period is chosen to be 500 days
based on the eddy time scales following Berloff et al.
(2007a). The value of U, is extracted from U’ through
500-day low-pass filtering, and Uy, is obtained through
500-day high-pass filtering. Moreover, we have changed
this cutoff frequency successively from 400 to 800 days
and found the results are not sensitive to the selection.
The PKE corresponding to Uy, peaks at the KE region,
especially around 2000 < x < 3000 km (Fig. 4a). In the
OL case, the area-mean PKE in the vicinity of KE is
reduced by about 10% compared to CL, implying
weaker variability in that region (Fig. 4b). The PKE
calculated from U], depicts similar patterns at the KE
region with maximum values that flank the KE jet be-
tween 1000 < x < 1600km (Fig. 4c). Compared to the
CL case, the low-frequency variability within the KE

area is stronger by 6% in the OL case, which can be
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inferred from the positive values along the KE axis variability, the analysis is applied to the 500-day, high-
(Fig. 4d). pass filtered, upper-layer streamfunction anomaly. The

To better understand the physics of the high- leading 10 EOF modes explain over 60% of the total
frequency and low-frequency components of variabil- variance. Their spatial patterns are all characterized by a
ities, we carry out an empirical orthogonal function vortex train in the vicinity of KE (e.g., Fig. 5a). The
(EOF) analysis for the OL case. For high-frequency corresponding principal components (PCs) are highly

4000
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1000 TéOOO 18000 20000 22000 24000
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A
0 1000 2000 3000 4000
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FIG. 5. (a) First EOF mode of the 500-day high-pass streamfunction anomaly of the upper layer in OL
(Sv; CI = 3 Sv). The value 8% in (a) refers to the explained variance of the first EOF mode. (b) Normalized PC of
first EOF mode during model days 16 000-24 000.
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FIG. 6. (a) The first EOF mode of the 500-day low-pass streamfunction anomaly of the upper layer in OL (Sv;
CI = 2 Sv). The value 41% in (a) refers to the explained variance of the first EOF mode. (b) Normalized PC of first
EOF mode (gray) and normalized KE position index (black). (c) Normalized PC of first EOF mode (gray) and

normalized KE intensity index (black).

variable with time scales between 150 and 200 days
(Fig. 5b). We have compared these modes with inviscid
linear basin modes (Pedlosky 1987). The linear basin
modes are all characterized by wavelike patterns in the
interior ocean (Pedlosky 1987, his Fig. 3.25.3, p. 148),
which is different from the EOF modes in Fig. Sa.
Moreover, the periods and spatial scales of the vortices do
not match the governing dispersion relationship of the
linear basin modes [Pedlosky 1987, his Eq. (3.25.16),
p. 147]. Therefore, these modes may capture the eddy
activity rather than linear wave adjustment, given the
nonlinear nature of the circulation.

For low-frequency variability, the first EOF mode
dominates the evolution of the 500-day low-pass flow
and accounts for 41% of the total variance (the second
mode only contributes 9%). It describes the evolution
along the KE axis with a decadal period (Fig. 6), similar
to previous model studies (Dewar 2003; Berloff et al.
2007a) and observations (Taguchi et al. 2007). To un-
derstand the physics of this mode, we define two indexes
for the KE: the KE position index, which is measured by
the latitudinal position of the boundary between the
subtropical and subpolar gyres averaged zonally within
900 < x < 2900km (black curve in Fig. 6b), and KE
intensity index, which is defined by the zonally averaged
maximum zonal velocity of KE within 900 < x <
2900 km (black curve in Fig. 6¢). It is found that the PC
of this mode correlates well with both indexes with
correlation coefficients over 0.7 on the 95% confidence
level (hereafter all the correlations are significant at the
95% confidence level), implying that the low-frequency
variability is characterized by variations of the lat-
itudinal position and intensity of the KE jet. The high
correlation also indicates that the KE jet tends to be
shifted northward when it is stronger, resembling the

model study (Berloff et al. 2007a) and observations (Qiu
et al. 2016). Similar conclusions can be obtained for the CL
case, indicating that the presence of the SCS does not
change the domain patterns and frequencies of oceanic
variability in the North Pacific Ocean. In addition, the role
of the SCS in regulating the variability of bottom-layer
circulation is also explored. In the presence of the SCS,
eddy activity is weaker but the low-frequency variability
becomes stronger, which is similar to the upper layer (not
shown). Thus, we merely focus on the role of the SCS in
regulating the upper-layer Pacific circulation hereinafter.

In summary, we find that, in presence of the SCS, both
the mean state and eddy activity of the double-gyre
circulation is weaker, but the low-frequency variability
becomes stronger. In the next section, we will explore
the underlying mechanisms.

4. Mechanisms
a. Mean state and eddy activity

In this subsection, we first examine the role of the SCS in
influencing the mean circulation and eddy activity of the
double-gyre system by exploring the PV dynamics. Here,
the streamfunction and PV are decomposed into their
time-mean and anomaly state as ¢y = ¥ + ¢/} and ¢; =
Q1 + q). Substituting this decomposition into Eq. (1a),
integrating it in the entire subtropical gyre, and taking the
time average, we obtain the time-mean PV balance
equation for the upper-layer subtropical gyre circulation:

s 0o [ v [ s
+ “QAHV“\PI ds=0.

(10)
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TABLE 1. Area-integrated PV balances (10 *m?s™?) for the
mean state, state A, and state B in the upper-layer subtropical gyre
for the OL case. DSCS is included in the lateral diffusion.
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TABLE 2. Area-integrated PV balances (10 *m*s™2) for the
mean state, state A, and state B in the upper-layer subtropical gyre
for the CL case. DSCS is included in the lateral diffusion.

Intergyre PV Wind PV Lateral Intergyre PV Wind PV Lateral
State advection input diffusion Total DSCS  State advection input diffusion Total DSCS
A —905 -169 +252 —822 —-67 A —384 —132 +149 —367 +2
B +118 +64 —67 +115 +113 B +27 +212 —41 +198 -11
Mean 3494 —25725 22231 0 4059  Mean 4126 —25621 21495 0 2515
The overbar in the equation indicates the time average, V-M-P-R+F+D,=0,
and () is the domain of the time-mean subtropical gyre. (11)

The intergyre boundary is defined as the time-mean zero
dynamical streamfunction line separating two gyres.
Physically, Eq. (10) indicates that PV balance in the
subtropical gyre is maintained by the advection of PV by
the mean flow and eddies, the wind forcing, and the
lateral dissipation. In this equation, there are minus
signs before the PV advection terms and thus they
represent PV advection into the domain. According to
the Gauss formula and no normal flow boundary con-
dition, the areal integration of Jacobian terms equals to
the intergyre PV advection — [,,Q1Uy, dl — [,,q\u’,, dl.
Here, U,, and uj,, are respectively the outward normal
mean and anomaly velocity at the boundary of sub-
tropical gyre 9(), and dl is the elementary length. Note
that intergyre PV advection caused by mean flow
—_mel Ui, dl is zero here because the time-mean ve-
locity is parallel to the isoline of the mean stream-
function, that is, Uy, = 0. Similarly, the lateral PV
dissipation can be transformed into the diffusive flux of
vorticity at the solid and intergyre boundaries.

The bottom rows of Tables 1 and 2 summarize the
time-mean PV balance in the upper-layer subtropical
gyre for two cases. Overall, the PV input by the wind is
primarily removed by the lateral dissipation, which
accounts for around 85%. The role of SCS [dissipation
in the SCS (DSCS)] in the PV balance is defined as the
integrated lateral dissipation within the SCS in the OL
case and as the integrated dissipation along the western
boundary within the latitudinal span of the Luzon
Strait (500 < y < 800km) in the CL case. The contri-
bution of the SCS to the PV balance in the CLis 2515 X
10"*m?s ™2 but increases to 4059 X 10 *m?*s 2 (16%
of the total wind PV input to the subtropical gyre) in
the OL, indicating a much more effective dissipation in
the presence of the SCS. This enhanced dissipation
explains the weaker mean flow in the presence of
the SCS.

To understand the mechanisms in terms of en-
ergy, we calculate energy budget following Berloff
and Meacham (1998) and Berloff and McWilliams
(1999a):

LoVom+PtR+d,.

The detailed derivation and formulas of terms are given
in appendix A. Physically, Eq. (11) shows that the total
energy balance (including both upper and lower layers)
of the time-mean circulation is maintained by wind en-
ergy input F, horizontal flux M, interactions with per-
turbations P and R, and dissipation Dy, while that of
perturbations is maintained by interactions with time-
mean flow P and R, horizontal flux m, and dissipation
dy. Here, P is energy transfer from mean to perturba-
tion by Reynolds stress, and R is the same but by in-
terfacial form stress. It is worth noting that all terms in
Eq. (8) are surface intensified, and all perturbations are
dominated by the high-frequency components. In OL,
energy that dissipated in the SCSis 0.9 X 10°m*s ™% (7%
of the wind input energy), which is 50% larger than
lateral dissipation along the western boundary within
the latitudinal span of the Luzon Strait in CL (Fig. 7).
This further evidences the result from PV analysis that
presence of the SCS increases the energy dissipation
efficiency of the Pacific circulation.

In addition to the energy that transferred into the
SCS, another notable feature is that the basin-integrated
value of P becomes significantly smaller in the OL case
than in CL (by 25%), corresponding to a weaker eddy
energy source in the presence of the SCS. Figure 8a
shows the spatial distribution of P in the OL case. Note
that only in the KE regions does the perturbation-mean
flow interaction appear prominent, so we merely con-
centrate on this area. It is found that the largest value
of P is concentrated at the origin of KE, where the
Kuroshio leaves the western boundary. According to
previous studies, it is suggested that eddies are gener-
ated at the upstream region of KE and carried eastward
by the KE jet. During the eastward movement, they
continuously extract kinetic energy from the KE and
grow to its maximum at the exit region (Berloff et al.
2007b; Waterman and Jayne 2011; Sun et al. 2013). The
reduction of P in the OL case is obvious along the KE jet
(Fig. 8b), indicating a weaker barotropic instability. This
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for KE and PE and m*s™? for energy conversion terms.

is likely related to the weaker horizontal shear due to the
weaker upstream KE in the OL case. Compared to P,
the difference of R between two cases is relatively
smaller, indicating that the presence of SCS does not
change the baroclinic instability of Pacific circulation
significantly.

In short, the weakening of mean circulation in the OL
case can be attributed to the intensified dissipation
induced by the SCS, which significantly weakens the
Kuroshio and upstream KE jet. Consequently, the hor-
izontal shear of the KE gets weaker and the mean flow
releases less energy to mesoscale eddies. Because of the
reduction of the energy source, eddy activity in OL
is weaker.

b. Low-frequency variability

In the above discussions, we have talked about the
reason for the weaker mean flow and high-frequency
variability in OL. In this subsection, we explore the
mechanisms that lead to the enhanced low-frequency
variability. According to section 3b, low-frequency
variability of the North Pacific circulation is character-
ized by the meridional shift and intensity change of the
KE jet, and the KE jet tends to move northward when it
gets intensified. Therefore, we will focus on the KE
position index in the following discussion. We recognize
two states based on the normalized KE position index:
state A for the index larger than 1 and state B for the
index smaller than —1. State-mean PV balance is cal-
culated for each state shown in Table 1. In both cases,
state A is characterized by a negative PV tendency due
to anomalous negative wind PV input and reduced in-
tergyre PV advection related to the mean state. On the
contrary, boundary dissipation is enhanced due to the
increase of both the intensity and meridional length of
Kuroshio. The reduced intergyre PV advection indicates

that the fully developed oceanic jet acts as a barrier to
PV transport associated with the strong relative vorticity
gradient across the jet (Berloff et al. 2007a). Different
from state A, all terms in state B present different be-
haviors with a weaker PV input, an intensified intergyre
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FIG. 8. (a) Spatial distributions of barotropic conversion rate P
derived from OL case (1077 m?s ). Gray lines are time-mean
upper-layer streamfunction. (b) Differences of P between the two
cases (OL minus CL). Ordinate indicates the meridional distance
from intergyre boundary. Position of intergyre boundary in OL and
CL is shown as the black thick line in Figs. 2a and 2b, respectively.
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advection, and reduced boundary dissipation. In the OL
case, the sign of the DSCS anomaly is always consistent
with that of the PV tendency anomaly (last two columns
in the Table 1a), implying that the presence of the SCS
enhances the low-frequency evolution of the North Pa-
cific circulation. Next, we will further confirm this ar-
gument by exploring the low-frequency evolution
processes derived for the OL case in detail.

Based on previous sections, the presence of the SCS
weakens the downstream Kuroshio and upstream KE
(Fig. 3). Correlation analysis shows that the evolution of
the KE position/intensity lags the change of DSCS about
100 days. In addition, the evolution of the Kuroshio and
KE may react upon DSCS as well. The enhanced KE
reduces the intergyre PV advection and lead to the ac-
cumulation of negative PV on the southern side of KE.
On one hand, this process favors the maintenance of KE
by sharpening the PV gradient across the strong jet
(Berloff et al. 2007a). On the other hand, the reduced
intergyre PV exchange suppresses the positive PV
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source for the subtropical gyre and results in a weaker
zonal-integrated meridional PV flux in the North Pacific.
Here, the PV flux is defined as

(12)

Figure 9a shows the zonal-mean meridional PV flux of
the mean state, which is characterized by positive values
in the subtropical gyre and well-defined maxima around
KE. Compared to that in the mean state, meridional
PV fluxin state A is significantly reduced within the area
y < 1500km (Fig. 9b). Zonal-mean meridional PV flux
in the band 500 < y < 800km lags the KE position/
intensity index about 680 days with correlation
around —0.4 (the correlation is computed based on
500-day low-pass time series). Comparison of the PV
flux map between state A and mean state (not shown)
indicates this change is mainly caused by the flux in the
inner ocean, which may be associated with the hori-
zontal advection. We prove this by regressing the
streamfunction anomaly onto the KE position index
along the time-mean, 20-Sv streamline between point M
(x = 1670km, y = 650km) and point N (x = 3070 km,
y = 1650 km; Fig. 10a). In response to the changes in the
vicinity of KE, anomalies begin to appear around point
N and then propagate southwestward along the
streamline. According to Fig. 10b, it takes the stream-
function anomaly about 600 days to arrive at point M.
The speed of the streamfunction anomaly is about
45cms” !, in agreement with the time-mean velocity
along the streamline. In the ocean, evolution of the
streamfunction would change the flow field and thus
regulate the PV flux. This can be indicated from Fig. 10c,
in which the streamfunction anomaly tracks well with
the meridional PV flux with correlation exceeding 0.6. In
addition to the 20-Sv streamline, the same examination

q,v, = q,(u;,v,).

14400

13840

13280

Y(km)
ime(days)

T

12720

12160

M

|

)

11600
0 1000 2000 3000 4000 600( 2 1220
X{km)

FIG. 10. (a) The time-mean upper-layer streamfunction (Sv; gray).
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is also applied to streamlines successively from 10 to
21 Sv, and similar results are found, further guaranteeing
our conclusion.

Change of the meridional PV flux results in the evo-
lution of zonal flow, which can be inferred from the eddy
rectification equation (appendix B):

ou,”*
T; =\qv,", (13)

where — represents the zonal mean. The parameter A is a
weight coefficient, which describes the proportion of
relative PV in the absolute PV. It can be inferred from the
derivation that evolution of u;* is actually related to
Reynolds effects [Eq. (B6)], which are associated with the
relative PV component. Physically, this process is driven
by the meridional mixing and partial homogenization of
PV (Berloff et al. 2007b). According to Eq. (13), negative
meridional PV flux anomaly will lead to westward ac-
celeration. This can be further supported by the com-
parison of 77" between state A and the mean state
(Fig. 11). Compared to the mean state, zonal velocity in
state A is intensified within the area y < 1500km. Co-
instantaneous correlation between the meridional PV
flux in the region x > 910km, 500 < y < 800 km and mean
zonal speed along the line x = 1000 km, 500 < y < 800 km
approaches 0.5. Evolution of #;* regulates the zonal PV
flux in that latitude and results in convergence of negative
PV on the eastern side of the Kuroshio (Fig. 12a; time
series of normalized zonal PV flux across the line x =
1000km, 500 < y < 800km is same as that of zonal
speed). As a result, the Kuroshio in the vicinity of the
Luzon Strait is enhanced (Fig. 12b), which favors the
anticyclonic Kuroshio loop (Fig. 2) retreating from the
SCS because of its larger inertia (Sheremet 2001; Hu et al.
2015). At last, the DSCS is reduced (Fig. 12c). Correla-
tion between DSCS and the mean zonal speed along the
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F1G. 12. Normalized mean zonal velocity anomaly along the line
x = 1000 km, 500 < y < 800 km [black line in (a)], normalized area-
mean PV within 910 < x < 1000 km, 500 < y < 800 km [blue lines in
(a) and (b)], normalized Kuroshio velocity within 500 < y < 800 km
[red lines in (b) and (c)], and normalized DSCS [black line in (c)].
Correlations between curves in (a), (b), and (c) are 0.94, —0.88, and
—0.63, respectively.

line x = 1000km, 500 < y < 800km exceeds 0.5 when
DSCS lags about 100 days. Overall, north-shifted KE
results in a weaker DSCS.

Based on the above findings, we conclude the physical
processes underlying the promoting role of the SCS for
low-frequency variability in the double-gyre system
(Fig. 13). When the KE shifts to the north, its transport
tends to be larger compared to the mean state. Thus, the
intergyre PV exchange is reduced and negative PV ac-
cumulates on the southern side of KE. These two pro-
cesses suppress the northward meridional PV flux in the
subtropical gyre, which induces a westward zonal flow
anomaly and then results in a stronger Kuroshio around
the Luzon Strait. Because of its larger inertia, the Kur-
oshio tends to retreat from the SCS and leads to a smaller
DSCS, which enhances the intensity of downstream
Kuroshio in the OL case. Finally, the intensified Kuroshio
favors the north shifting and intensification of KE. The
period of this positive feedback is less than 3 years, which
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FIG. 13. Schematic diagrams of the positive feedback induced by the presence of SCS.

is much smaller compared to that of the low-frequency
evolution in the Pacific Ocean (Fig. 6). The process as-
sociated with south-shifted KE is similar. However, these
positive feedback processes will be terminated by the
low-frequency evolution of the double-gyre system. With
the north shifting and enhancing of the KE jet, negative
PV accumulates continually in the subtropical gyre be-
cause of the increased wind input and reduced intergyre
exchange. The accumulated PV continually increases the
recirculation strength. On one hand, the intensified re-
circulation pulls the KE southward and shrinks the sub-
tropical gyre, which reduces the wind PV input (Chang
et al. 2001; Berloff et al. 2007a); on the other hand, it
increases the dissipations along western boundary due to
the enhanced horizontal velocity shear (Dijkstra and Ghil
2005; Berloff et al. 2007a). As a result, the double-gyre
circulation shifts to state B.

In addition, the detailed evolutional process in the
CL case is also examined (figure not shown). The
positive feedback in OL is not established because
DSCS changes consistently with the speed of the
Kuroshio within 450 < y < 800km (correlation is 0.6).
To further support this conclusion, we perform CL
with the value of Ay along the western boundary
within the latitudinal range of the Luzon Strait in-
creasing to 2500m”s ', In this case, both the time-
mean subtropical gyre and eddy activity are weaker

compared to their counterparts in the CL case
(Figs. 14a,b) because the Kuroshio is weaker, consis-
tent with the above conclusion. However, the low-
frequency variability of the Pacific Ocean derived
from this case is found to be weaker than the CL case
(Fig. 14c). Moreover, PV budget analysis is also ex-
amined for different states of the KE jet during the
low-frequency evaluation in Table 3. Sign of DSCS
anomaly is found to be always contrary to the sign
of PV tendency anomaly, which is indicative of the
damping role of the DSCS. Correlation between DSCS
and the mean Kuroshio velocity within x = 910km,
450 < y < 800km exceeds 0.7, further demonstrating
that the positive feedback cannot be established without
the SCS.

To summarize this subsection, the low-frequency var-
iability of the North Pacific circulation is characterized by
meridional shift and intensity change of the KE jet in both
OL and CL cases, but the variability is stronger in OL
because of the positive feedback induced by the presence
of SCS.

c. Sensitivity study

We first conduct the parameter sensitivity runs by
varying the wind forcing. Figures 15a and 15b show the
mean upper-layer circulations driven by winds of 0.6W
and 1.4W [where W is defined in Eq. (3)]. Both of these
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between the two cases (CI = 0.002m?s ™% CL with A;; = 2500 m?s~ 2 along the Luzon Strait minus CL).
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TABLE 3. Area-integrated PV balances (10 *m?s™2) for the
mean state, state A, and state B in the upper-layer subtropical gyre
in the case with closed Luzon Strait and Ay = 2500 m?s ™! within
the latitudinal range of the Luzon Strait. DSCS is included in the
lateral diffusion.

Intergyre PV Wind PV Lateral
State advection input diffusion Total DSCS
A —254 —132 +28 —358 +8
B +5 +191 —130 +67 =25
Mean 3915 —25624 21709 0 3196

solutions depict double-gyre patterns. Transport of the
Loop Current in the SCS of the 0.6W run is 12 Sv, which
accounts for 50% of the transport of the subtropical gyre
(25 Sv), while that derived from the 1.4W run is only 36%
(18/50 Sv). Thus, the Kuroshio intrusion in the 0.6W run is
more obvious compared to the 1.4W run. According to the
PV budget, the relative contribution of DSCS in the PV
balance of the North Pacific is larger in the 0.6W run (not
shown), indicating a larger role of the SCS in weakening
the Kuroshio in the 0.6W run. For low-frequency vari-
ability, the ratio between variability of DSCS and time-
mean PV input into the subtropical gyre is also larger in
the 0.6W run, suggesting a larger, promoting role of the
SCS in regulating the low-frequency evolution of the
double-gyre system. Sensitivity experiments for eddy vis-
cosity Ay are shown in Figs. 15¢ and 15d, in which the
behavior of the circulation seems to be insensitive to the
eddy viscosity in the range of 100 and 200m?s ™!, It is also
confirmed through PV budget that the contribution of the
SCS in weakening the Kuroshio and regulating the Pacific
low frequency is much larger in the higher A case (not
shown). Based on the results of sensitivity to wind forcing
and A, we could expect a smaller contribution of the SCS
in the circulation system within stronger, nonlinear flow
regimes. In addition, the low-frequency variability of
double-gyre circulation tends to depict a shorter period
in a stronger, nonlinear regime (i.e., smaller A or larger

—-1.5%X107% % [sin (i—wy

y

1

Here, the wind forcing is set to be stronger in the sub-
tropical gyre and more asymmetric than the standard run.
Figure 16a shows the mean upper-layer streamfunction
derived from OL. In these two cases, the KE and Oyashio
Extension are significantly separated, and the northern
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wind forcing), in agreement with previous study (Berloff
et al. 2007a).

Sensitivities associated with the Luzon Strait are also
explored by varying its position and width. By successively
varying the width of the strait from 100 to 500km, it is
found that a narrow strait prevents the Kuroshio from
intruding into the SCS (Fig. 15¢), while the Kuroshio in-
trudes into the SCS significantly as the strait becomes
sufficiently wide (Fig. 15f). These results are consistent
with the theoretical analysis by Sheremet (2001), which
predicts a strong Kuroshio intrusion when the strait is
wider. The contribution of the SCS in influencing the
Pacific Ocean is found to increase with the width of the
Luzon Strait. We also conduct some runs by moving the
Luzon Strait 200 km southward (Fig. 14g) and northward
(Fig. 14h), and results show that the influence of the SCS
increases with the northward movement of the strait.

Differing from other parameters, the model solutions
are found to be sensitive to the boundary condi-
tion (Figs. 15i-1). When « is close to the reference value
(e = 0.025, 0.1km™'; Figs. 15k,l), the mean fields are
characterized by the double-gyre patterns with similar
transports to the reference solution. However, the feature
of variability is not generic as the partial-slip parameter
approaches its limits. For @« = 0 (free-slip boundary;
Fig. 15j), the mean field depicts a reduced subtropical
gyre with a significant Kuroshio intrusion. In accordance
with this, much stronger variability of the KE induced by
much larger P and R is present (not shown). In another
case, as « approaches infinity (no-slip boundary; Fig. 15i),
KE variability is largely suppressed due to the extreme
viscous stress on the boundary.

According to the observations, the KE is located
significantly to the south of the zero Ekman pumping
line and is clearly separated with the Oyashio Exten-
sion (early separation; Yasuda 2003; Nakano et al.

2008). To approach this fact, we perform OL and CL
1

cases with the no-slip condition, Ay = 100 m?s~ !, and
wind forcing:
) +0.1sin (Lly)} W, =0,

’ (14)

. o
+0. — <0.
) 01sm<Lyy)} W, <0

recirculation gyre is only associated with the KE. The to-
tal transport of the recirculation south of KE is stron-
ger (110Sv), and the meridional distance between the
Kuroshio separating point and zero Ekman pumping line
approaches 600km, closer to the observations than the
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F1G. 15. Time-mean upper-layer streamfunctions for varying parameters (Sv; CI = 10Sv). (a) 0.6W forcing, (b) 1.4W forcing, (c) Ay =
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reference solution. With the presence of SCS, the time-mean
subtropical gyre and eddy activity along the KE are signifi-
cantly weaker (Figs. 16d,e), consistent with reference so-
lutions. Moreover, the presence of SCS is found to
promote the low-frequency evolution of the Pacific circu-
lation in the KE region (Fig. 16f). Overall, the result in the

paper does not change much if the Kuroshio separates
from the coast earlier.

5. Summary

Using a two-layer QG model, the role of the SCS in
regulating the double-gyre system is investigated in this
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study. The major results of the present study are sum-
marized as follows:

1) The SCS acts as a sink of PV and energy in the Pacific—
SCS system, accounting for 16% of the PV input by
wind into the subtropical gyre and 7% of the energy
input by wind into the double-gyre circulation. Cor-
respondingly, both the Kuroshio and the upstream
KE are weakened in the OL case compared with the
CL case. The weakening of the Kuroshio and KE
further affects the barotropic instability, leading to a
weaker eddy activity in the North Pacific Ocean.

2) The SCS is found to promote the low-frequency
evolution of the Pacific circulation in the KE region
(meridional shift and intensity change of KE jet). This
is mainly caused by a positive feedback process
associated with the negative correlation between the
inertia of the Kuroshio and the Kuroshio intrusion at
the Luzon Strait that the presence of the SCS provides.

It should be noted that more studies are needed to
clarify the role of continental slope and coastline orienta-
tion of the North Pacific Ocean in influencing the results in
this study, given their roles in regulating the western
boundary currents (Hughes and de Cuevas 2001). The
details of the topography around the Luzon Strait may
affect the Kuroshio intrusion in the SCS (Lu and Liu2013),
which is not considered in the current study. Fur-
thermore, the processes that cannot be simulated by

(CI = 0.02m?s~2), and (f) 0.5U, (CI = 0.01 m*s~?) between the two cases (OL minus CL).

idealized the QG model, such as the mixing zone be-
tween KE and Oyashio Extension (Yasuda 2003), the
outcropping of the thermocline, and Kelvin waves
should be investigated in more details in the future
with high-resolution ocean general circulation models.
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APPENDIX A

Energetics

We decompose the streamfunction into the mean
and anomaly state as y; = W + ] and ¢, = V¥, + 5.
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Following Berloff and McWilliams (1999a), the energy Eq. (1b) by ¥, X H,/H and then adding the two

density of the mean state is defined as resulting equations together and taking a time
| q,‘ average, we get the energy equation of the mean
E = Al) state:
= T g . (A
and the perturbation energy density is oE
P By Oy .M-P-R+F+D,=0. (A3
— |Vl1[, ‘ /\2 ot
ey )= 3 —9h)°. (A2)
i=12

Here, | | means modulus for vectors, and H = H; + H,. In this equation, the bar denotes the time mean. The
By multiplying Eq. (la) by W, X Hy/H and formula of the time-mean energy flux M is

m= {0 (e, S ﬂ S (G, [ Y,
N L +6\I@a¢; o _av, (o, _7
i:I,ZH tay VY, dx dx dy 29y \ ox ay

(0, W), %)"’(‘plj%ﬁzﬁ ‘1’}

i=1,2

—ﬂﬁv an\If H\Irzv foallf
H 2 ax g’H dx H 2 ax g’H ax

H [ e, aVau oy, av, (au\"  (o0])’
il 7 2 O

- 212 ’6x dy dx dy 20x ay

fo W+ o) | H, B >
(0, = W) — ) =2 }J+AHi_2Lzﬁ(v VYV, — W VD). (Ad)

The energy exchange terms between the mean state and the perturbations are
H. oy, o,
P=- — = ! AS
i:zmH[axJ( : 6X) ay]( 8y)} (A

R=-

and

— )y + 95,0, =), (A6)

Here, P is the energy exchange between the mean state and perturbations due to the work done by horizontal
Reynolds stress, and R is the energy exchange due to the work done by isopycnal form stress associated with
divergence of the heat flux of the fluctuations. The wind forcing term F and lateral dissipation of mean energy are

F= —%xplw, (A7)
and
=-A, 2 '(qur) (A8)

Similar to the mean state, the energy equation for perturbation is determined by multiplying Eq. (1a) by
W, X Hi/H and Eq. (1b) by , X H,/H and adding the two resulting equations together:
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de
5:V-m+P+R+dH. (A9)
The energy flux m and lateral dissipation of mean energy are
aw H, y2 0 (Y, + )
m= il V— =—vV——"
1212 Hlj, <1212 H 2 8y
H, I, AN A% N2
+ Y _¢{_1V2¢{_3_lpl8_¢5_l+_l AN
i1 H Ly Yoox dy dx 20y |\ dox ay
LB [ A o ¢a)}
2g’H ay ay
fO / / / a(\Ifl B \I,2) / /a(qfl + \IIZ) Hi lMZ 3
— — + L
(W + )W — ) 20y i, 3y 121’23 H 2 1
H, (V. +
- XY= v V2(14¢l)
i=12 H 2 ax
25 AT AT AL AL AN CTARCIAR
isTo H vi ax " dx dy dy  20x |\ ox ay
(\If +¢/2 lpa(*lf + )
2g’ 2 0x
a(v, —v,) LW+ W)
[ + Y)W — ) 0% — Y ox i
Vzw Vi, — VYY), (A10)
=
and Here, (u, v) represent horizontal velocity, and 4 is the
upper-layer depth anomaly. This equation is obtained by
d,=—A, E 1(y2 w) (A11) subtracting the large-scale balance (—fv = —g'oh/ox +
" 2 H Apo*ulox® + 7/h) from the momentum equation and

In this study, we ignore the energy dissipation caused
by bottom friction because it is smaller than other terms
by at least an order of magnitude.

APPENDIX B

PV Flux and Zonal Flow

As the motion in the bottom layer is much weaker
than that in the upper layer, we derive Eq. (13) based
on the 1.5-layer original momentum equation. Con-
sidering the reduced-gravity equation with weak
dissipation:

(B1)

ignoring the viscous term for the perturbation. Taking
the zonal average of Eq. (B1), we get

tv— —ff=—¢g—.
v&y fv gax

—a u,‘(
U—
ax

ou*
ot

(B2)

The notation —*
basin, we have

represents the zonal mean. In a closed

7 ~0, (B3)
%x 1 east oh 1 east
n_ 1 dc=—| dn=~o0 B4
ox X Jwest ax X 4[ west ’ ( )
and
T _tad 1 (el 1 e
7 - —dx=— du? =0.
“ 0x 2 ox 2 Jwesl ox 2X Jwest !
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Here, X is the distance between western and eastern
boundaries. In the low-frequency evolution, Egs. (B3)
and (B4) [~O(10"®)ms?] are smaller than the non-
linear terms [~O(10~")ms 2] by an order of magni-
tude. Thus,
ow " ou
—— =V .
ot ay

(B6)

In the reduced-gravity model, the formula of PV is
[(dv/ox) — (du/dy) — f(h/H,)], where H; is the mean
thickness of the upper-layer ocean [Eq. (1a)]. In the area
of westward return currents, dv/dx is very small. It is
diagnosed that the relative PV changes in accord with
the thickness PV. Therefore, the right-hand side of Eq.
(B6) can be expressed in terms of PV:

o *a—uv 2 g,
ot dy

(B7)
By comparing the area mean absolute value of rela-
tive PV and thickness PV in the Pacific Ocean, we get
A = 0.05. In the QG model, the scale ratio between
relative PV and thickness PV is (1/L?):[f3/(g'H1)].
Substituting the value of A and we get L ~ O(190) km,
which is the length scale of nonlinear eddies (Rhines
scale varies from 80 ~ 320km in our model). Thus, this
phenomenon may be caused by eddies.
Quantitatively, the standard deviation of zonal-
mean meridional PV flux within 500 < y < 800 km is
O(10"®)ms~?and A is O(0.01). Time scale is O(10") s.
Thus, Eq. (12) speculates the change of zonal-mean u
is O(10*)ms ™', which is comparable to the standard
deviation of the zonal-mean u within 500 < y < 800 km.
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