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ABSTRACT

The response of the South China Sea (SCS) circulation to intraseasonal variability of the summer monsoon

is studied with both observations and a 1.5-layer reduced-gravity model. Intraseasonal variability of the SCS

summermonsoon is characterized by evolution of thewind jet intensity in themidbasinwith typical amplitude

of 6m s21 and several peaks on its power spectrum between 10 and 60 days. However, this study finds that

intraseasonal variability of the sea surface height (SSH) in the SCS presents significant variability to the

southeast of Vietnam with amplitude of 6 cm and a period only between 40 and 60 days. This implicates the

frequency selectivity of oceanic response to wind forcing. Numerical experiments suggest that the intrinsic

variability of the SCS circulation accounts for this phenomenon. Based on the Rossby basin mode theory, this

is explained by the interaction between the long, westward-propagating Rossby waves and the short,

eastward-propagating Rossby waves.

1. Introduction

As the largest marginal sea in the western tropical

Pacific, the South China Sea (SCS) has a deep, semi-

enclosed basin with an area of 3.5 3 106 km2 (Fig. 1).

Driven by the seasonal-varying monsoonal wind, the

upper-layer circulation in the SCS is characterized by

significant seasonal variation (Fang et al. 1998; Hu et al.

2000; Liu et al. 2008; D.Wang et al. 2013). During boreal

winter, a basin-scale cyclonic circulation forced by the

strong northeasterly monsoon emerges in the SCS Basin

(Liu et al. 2004). Different from winter, the upper-layer

circulation in the SCSBasin interior in summer presents a

dipolar structure with a weak cyclonic gyre in the north-

ern part of the SCS and a strong anticyclonic gyre in the

south basin due to the southwesterly summer monsoon

(Xie et al. 2003; Wang et al. 2006). Previous studies

showed that both the establishment and large-scale

variability of this double-gyre system is primarily sub-

jected to the local wind within the SCS (S. Xie et al. 2007;

Wang et al. 2010; Li et al. 2014) after a fast adjustment

process associated with the first baroclinic mode Rossby

waves (Liu et al. 2001; Wang et al. 2003).

Besides the seasonal variation, the southwesterly

monsoonal wind in summer also exhibit prominent

intraseasonal variability. From lateMay to earlyOctober,

the summermonsoon is suggested to be controlled by two

intraseasonal oscillation modes (Mao and Chan 2005;

Wang et al. 2009): one with a broad period of 30–60 days

(M30) and another one with a period of 10–20 days

(M20). M30 is found to originate from the equatorial

Indian Ocean and propagates northeastward. It plays an

important role in the onset of monsoon and fluctuations

of the low-level jets over Indian/Southeast Asia area

(Murakami and Nakazawa 1984, 1985; Annamalai and

Slingo 2001; S. Xie et al. 2007). Different fromM30, M20

is generated in the Philippine Sea and migrates westward

as atmospheric Rossby waves (Wang and Xie 1997;Corresponding author: Haiyuan Yang, yanghaiyuan@ouc.edu.cn
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Chatterjee and Goswami 2004). In general, the intra-

seasonal variability of the SCS monsoon is thought to be

dominated by M30 and modified by M20, with M20 po-

tentially being dominant whenM30 becomesweak (Chen

and Chen 1993, 1995; Chan et al. 2002; Mao and

Chan 2005).

Influenced by the atmospheric forcing, the upper-

layer circulation in the SCS Basin interior displays sig-

nificant intraseasonal variability as well. Using both

satellite altimeter observations and oceanmodels, S. Xie

et al. (2007) found that the development of the double-

gyre circulation in the deep basin of the SCS is not a

smooth seasonal cycle but is characterized by several

intraseasonal events at about 45-day intervals, which are

associated with M30. Further analysis suggested that

these events are controlled by Rossby wave adjustments

that are excited by changes in wind forcing (S. Xie et al.

2007; Q. Xie et al. 2007; Zhuang et al. 2010). Moreover,

Isoguchi and Kawamura (2006) and G. Wang et al.

(2013) further studied the response of the SCS to wind

perturbations caused by the Madden–Julian oscillation

and found that it had an imprint on the summer SCS

circulation with a period around 50 days. Associated

with circulations, intraseasonal variability of heat flux

and sea surface temperature in the SCS caused by

monsoon are also estimated (Zeng and Wang 2009;

Q. Xie et al. 2007; Roxy et al. 2013). However, all these

studies highlighted the oceanic 45-day signal, which can

be recognized as the signatures of M30, while it remains

unclear why there is no intraseasonal variability corre-

sponding to M20 in the SCS.

In this paper, the response of the upper-layer circu-

lation in the SCS Basin interior to intraseasonal vari-

ability of summer monsoon is studied with both

observations and a numerical model. Here, we will

focus on the variability of the upper-ocean circulation

in the SCS Basin interior that is purely induced by local

wind forcing within the SCS, while the effects from the

surrounding seas/oceans and complex topography will

not be considered. This paper is organized as follows:

Section 2 gives a brief description of the observed data

and the numerical model. In section 3, a detailed

analysis of the SCS intraseasonal variability is pre-

sented, followed by some dynamical explanations that

employ the Rossby basin mode theory in section 4. The

paper ends with a summary and further discussion in

section 5.

2. Data and model

a. Sea surface height

The merged absolute dynamic topography (ADT)

product, which is derived from measurements of two

satellites [TOPEX/Poseidon (T/P) or Jason-1 and ERS

orEnvisat], is used in this study. The data are distributed

by Archiving, Validation, and Interpretation of Satel-

lite Oceanographic Data (AVISO; http://www.aviso.

oceanobs.com/). The merged ADT is better than a

dataset using a single altimeter to resolve spatial and

temporal variabilities of the ocean circulation, espe-

cially on mesoscale (Ducet et al. 2000). To reduce

high-frequency aliasing, the dataset is updated with

corrections using a new tidal model [Goddard/

Grenoble Ocean Tide (GOT2000)] and a barotropic

model [Modèle aux Ondes de Gravité 2-Dimensions

Global (MOG2D-G)] in 2005 (Volkov et al. 2007;

Dibarboure et al. 2008). The horizontal resolution of

the data is 1/48 at daily intervals. Here, we focus on the

domain covering the SCS (08–258N, 1008–1258E) dur-

ing the boreal summer (June to early October) from

1993 to 2015.

b. Atmospheric fields

To estimate the intraseasonal variability of summer

monsoon, surface wind, and wind stress data derived

from the European Centre for Medium-RangeWeather

Forecasts (ECMWF) interim reanalysis (ERA-Interim)

product is used in this study (http://apps.ecmwf.int/

datasets/data/interim-full-daily). Available from 1979

to the present, the product has a daily temporal resolu-

tion and 3/48 horizontal resolution (Dee et al. 2011). Then

the data are further transformed to the 1/48 3 1/48 version
on the ECMWF’s data server by performing linear

FIG. 1. Bottom topography of the SCS, with 50-, 100-, and 500-m

isobaths shown. Black lines indicate the domain of 1.5-layer

reduced-gravity model use in this study (100 m isobath).
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interpretation for each latitude and longitude line

(https://software.ecmwf.int/wiki/display/EMOS/

Grid1point1to1Grid1point1Interpolation). Similar to

the ADT data, the concurrent atmospheric fields be-

tween June and October during 1993–2015 within the re-

gion (08–258N, 1008–1258E) are used.

c. The 1.5-layer reduced-gravity model

Using a 1.5-layer, nonlinear, reduced-gravity model,

multiple numerical experiments are performed to un-

derstand the relevant dynamics. The governing equa-

tions for this model are as follows:
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Here, u and y represent zonal and meridional velocity,

respectively,H indicates the mean upper-layer thickness,

h is the upper-layer thickness deviation with reference to

H, f is the Coriolis parameter, g0 denotes the reduced-

gravity acceleration (g0 5 gDr/r),AH is the coefficient of

horizontal eddy viscosity, r represents the reference wa-

ter density, and tx and ty are the zonal and meridional

surface wind stress. The horizontal resolution of this

model is also 1/48, and the model domain covers the deep

basin (deeper than 100m) of the SCS,which extends from

48 to 248N in the meridional direction and from 1088 to
1208E in the zonal direction (black line in Fig. 1).

No normal flow and nonslip boundary conditions are

adopted. Some key parameters are as follows. The

coefficient AH is chosen as 500m2 s21. The density dif-

ference between the lower layer and the upper layer

Dr 5 3kgm23 in the control run and the initial upper-

layer thickness H 5 400m; thus, the phase speed of the

first-order baroclinic Rossby wave [cR 5 bRd
2 5 bg0(H 1

h)/f 2; here, Rd is the Rossby deformation radius and b is

the meridional gradient of f ] is approximately 0.33ms21

at 118N, which is consistent with previous estimations (Liu

et al. 2001; S. Xie et al. 2007).

In this study, 65 model runs are conducted. In the con-

trol run (Exp1), the model is first spun up from rest using

themonthlymeanECMWFwind stress ofDecember 1992

for 2yr. After spinup, the model is integrated for another

23yr, forced by daily ECMWF wind stress spanning from

TABLE 1. Settings of numerical experiments.

Number Wind forcing Spinup g0(m s22) Straits

1 Daily ECMWF wind stress in

the SCS (1993–2015)

Monthly mean ECMWF wind stress

of December 1992 for 2 yr

0.03 All closed

2–16 Eq. (2) 23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.03 All closed

17–31 Replacing tEOF1 with tEOF2

in Eq. (2)

23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.03 All closed

32 Eq. (3) 23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.03 All closed

33 23-yr mean (1993–2015) summer

ECMWF wind stress

23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.03 All closed

34–48 Eq. (2) 23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.036 All closed

49–63 Eq. (2) 23-yr mean (1993–2015) summer

ECMWF wind stress for 2 yr

0.027 All closed

64 Daily ECMWF wind stress in

the North Pacific Ocean

only (1993–2015)

Monthly mean ECMWF wind stress

of December 1992 for 20 yr

0.03 Opened Luzon

Strait

65 Daily ECMWF wind stress in

the North Pacific Ocean only

(1993–2015)

Monthly mean ECMWF wind stress

of December 1992 for 20 yr

0.03 Opened Luzon

Strait and

Mindoro Strait
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1993 to 2015, and the outputs are stored every day for

analysis. In Exp2–63, themodel is spun up from rest by the

23-yr mean summer monsoon for 2yr. After that, the

model is forced by steady or time-varying wind for addi-

tional 3yr and daily output is used for analysis. In the

above 63 runs, all straits connecting the SCS with

surrounding seas/oceans are closed. As a discussion, part

of the northwestern Pacific Ocean (48–358N, 1208E–1808)
is added to the model domain with the opened Luzon

Strait orMindoro Strait in Exp64–65.Details of the setting

of model experiments are summarized in Table 1, and the

purposes for the runs are listed in Table 2. For more

TABLE 2. Purposes of numerical experiments.

Number Purposes

1 To validate the applicability of 1.5-layer reduced-gravity model in this study

2–16 To explore the behavior of the SCS to wind forcing with one particular frequency

17–31 To detect whether the patterns of wind forcing will influence the results in Exp2–16

32 To test the hypothesis that stronger longer-period variations of the ocean are due to a reddening of

atmospheric white noise

33 To find the intrinsic period of the SCS

34–63 To test the robustness of our conclusion by varying g0

64 To estimate the role of the Pacific Ocean in influencing the variability in the SCS through the Luzon Strait

65 To estimate the role of the Pacific Ocean in influencing the variability in the SCS through the Luzon Strait

and the Mindoro Strait

FIG. 2. Summer-mean (10 Jun–10 Oct) (a) surface wind (vectors, m s21) and WSC (shading, 1027 Nm23) from

ECMWF and (b) SSH spatial anomaly (cm) fields from the T/P satellite during 1993–2015. Contemporaneous STD

fields of (c) wind velocity squared (m2 s22) and (d) SSH (cm).
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information about the 1.5-layer reduced-gravity model,

readers are referred to Chen and Wu (2011).

3. Intraseasonal variability of wind forcing and SSH
fields in the SCS

a. Observations

Figure 2a shows the 23-yr mean summer (10 June to

10 October) wind velocity and wind stress curl (WSC).

In summer, the southwesterly winds prevail in the SCS

after the transition in late May to early June (Lau and

Yang 1997). At about 128N in the Indo-China Penin-

sula, the southwesterly winds are blocked by Annam

Cordillera. Then the winds rush through at the

southern tip of this mountain range, forming a strong

wind jet offshore, to the east of Vietnam, with maxi-

mum speed over 10m s21. In the SCS, this wind jet

approximatively follows the straight line that connects

108N, 1108E and 158N, 1188E. Consequently, the axis

of this wind jet separates the SCS into two parts, with

the positive and negative WSC prevailing in the

northern and southern part, respectively. Under the

monsoon winds’ forcing, the simultaneous mean SSH

field derived from altimetry satellite is characterized

by a double-gyre pattern (Fig. 2b), with a cyclonic gyre

north of 118N and an anticyclonic gyre in the south.

Between these two gyres is an eastward current flowing

northeastward, which plays an important role in regu-

lating the oceanic dynamics and regional climate (Xie

et al. 2003).

The standard deviations (STD) of wind velocity

squared and SSH are displayed in Figs. 2c and 2d, re-

spectively. The STDs are calculated from anomalies

obtained by removing the climatological mean and the

linear trend over 23 consecutive summers using a least

squares method. Because this study is focused on the

intraseasonal variability of 10–60-day periods, the vari-

ability that falls out of this band is filtered out. In the

SCS Basin interior, the intraseasonal variability of wind

velocity is strongest along the axis of the wind jet, with

the maximum over 30m2 s22 (Fig. 2c). According to

S. Xie et al. (2007), this feature is mainly caused by

variations of the wind jet intensity. Time-varying wind

forcing leads to the generation of oceanic variability,

which can be estimated by the STD of SSH fields

(Fig. 2d). As we merely focus on the effect of local wind

on the oceanic variability in this study, spatial 25-point

average is performed for the SSH field before calculat-

ing STD to average out the signals of mesoscale eddies,

which may influence the variability of SSH in that area

(Zhuang et al. 2010; Chen et al. 2011). It is found that the

intraseasonal variability of SSH is weakest in the south-

east SCS and strongest in the western SCS close to Viet-

nam. The strong variability in the west SCS is thought to

FIG. 3. (a) First and (b) second EOF modes of surface wind stress (vectors, Nm22) of SCS summer monsoon

within period band of 10–60 days and its associated WSC (shading, 1027 Nm23). (c),(d) Energy spectra of the two

modes.
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be associated with the instability of the eastward current

between the two gyres (Yang et al. 2013).

The EOF method is performed to extract the domi-

nant patterns of atmospheric and oceanic variability. As

in the calculation for STD, 10–60-day bandpass filtering

is also performed before EOF decomposition. The

leading EOF pair of summer monsoon contains about

65% (38% and 27%) of the total variance. The spatial

FIG. 5. Summer-mean (10 Jun–10 Oct) (a) upper-layer thickness deviation h (m) derived from Exp1 and (b) its

contemporaneous STD fields.

FIG. 4. (a) First and (b) second EOF modes of 25-point-averaged SSH field (cm) within period band 10–60 days in

the SCS during summer. (c),(d) Energy spectra of the two modes.
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distribution of the first mode depicts southwesterly wind

anomalies with a dipolar structure in the WSC, which

captures well the variations of summer monsoon in-

tensity (Fig. 3a). Differently, the second mode is char-

acterized by a basin-scale anticyclonic pattern that is

associated with the shift of wind jet (Fig. 3b). The power

spectra of both modes are characterized by several

peaks between 10 and 60 days, indicating the wide

spectral characteristics of the SCS summer monsoon.

The dominated period of the first mode is 40 days, while

that of the second mode is 20 days (Figs. 3c,d). The re-

sults of EOF analysis resemble the conclusion of Mao

and Chan (2005) that both M20 andM30 play important

roles in regulating the SCS summer monsoon.

In a similar analysis that is performed to the 25-point-

averaged summer SSH, two leading EOF modes

(Figs. 4a,b) are recognized, which account for 22% and

12% of the total variance, respectively. Notice that only

the regions south of 168N and water deeper than 200m

are used here to avoid the influence from eddies at the

Luzon Strait (Jia and Liu 2004) and the uncertainties

induced by satellite observations in the nearshore area.

The first mode of SSH presents a negative center around

11.58N, 1118E, while the second mode is characterized

by a dipolar pattern, which is asymmetric with respect to

the latitude line of 11.58N. Unlike the intraseasonal

variability of the monsoon, both of these two modes are

characterized by variabilities of periods between 40 and

55 days (Figs. 4c,d). The correlations of these twomodes

with the first EOFmode of summermonsoon are 0.5 and

0.4, respectively, which are significant at the 99% con-

fidence level [the effective numbers of freedom of the

bandpassed time series are larger than 40 (Bretherton

et al. 1999), and the 99% confidence level is 0.39; here-

inafter, all the correlations are significant at the 99%

confidence level]. Although both M30 and M20 are

important in the wind variability, only the footprint of

M30 is found in the ocean. Next, we use a numerical

model to investigate the oceanic response to variabilities

of different frequencies.

b. Model estimation

Before exploring the mechanism of intraseasonal

variability in the SCS, it is necessary to see whether

the model can capture the frequency selectivity of the

ocean as observed in SSH. This is easier to justify with

some quantification of M30/M20 as discussed later.

The summer-mean circulation in the SCS from Exp1 is

characterized by a double-gyre pattern accompanied

by an eastward current between them (Fig. 5a). The

upper-layer thickness deviation h is 15 and 220m for

the anticyclonic and cyclonic gyre, respectively, which is

in agreement with previousmodeling studies (Wang et al.

2006). Similar to the satellite observations (Fig. 2d), the

FIG. 6. (a) First and (b) second EOF modes of h field (m) within period band of 10–60 days in the SCS during

summer derived from Exp1. (c),(d) Energy spectra of these two modes.
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intraseasonal variability of h is weakest in the eastern

SCS and strongest to the southeast region of Vietnam at

around 118–128N (Fig. 5b). Considering the relationship

of SSH0/h0 5 g0/g, the 15-m amplitude of h0 corresponds
to a 4.5-cm fluctuation of the SSH0, which is comparable

to the results in Fig. 2. To validate the 1.5-layer reduced-

gravity model in simulating the SCS intraseasonal vari-

ability, we also perform the EOF analysis on the model

output (Fig. 6). The leading EOF pair, which explains

28% and 15% of total variance, shows similar patterns

and explained variance compared with observations.

Correlations between principal components (PCs) of

these two modes and their counterparts derived from

satellites exceed 0.6 (Fig. 7). Similar to altimetry obser-

vations, the signal of M30 is much stronger than M20 by

the ocean. In general, the 1.5-layer reduced-gravity

model reasonably captures both the mean state and in-

traseasonal variability of the SCS summertime circula-

tion. In the following section, we will explore the

dynamical mechanisms.

4. Mechanism

In this section, we explore the behavior of the SCS

circulation in response to variabilities of wind forcing

that have different frequencies. First, we perform 15

numerical experiments to explore the behavior of the

SCS forcing by wind oscillations with the same pattern

but different frequencies (Exp2–16). As the first EOF

mode dominates the intraseasonal variability of summer

monsoon, its spatial distribution is used to represent the

pattern of wind oscillations. To avoid the superposition

of frequency, wind forcing is characterized with one

particular frequency in each run. For Expk, the wind

forcing field is in forms of

t5 t
mean

(x, y)1 t
EOF1

(x, y) cos
2p

(k2 1)3 10 days
t,

k5 2, 3 . . . 16,

(2)

where tmean is 23-yr mean surface wind stress during

summertime (10 June–10 October), and tEOF1 is the

spatial distribution of the first EOFmode of the summer

monsoon derived from ECMWF (Fig. 3a). Here, the

intensity of ocean circulation variabilities in response to

atmospheric variability are represented by the mean

STD of h in the region 78–168N, 1088–1158E (black

rectangle in Fig. 2d), where the oceanic instability rea-

ches its maximum. Figure 8 illustrates the variation of

area-mean STD, in which the curve (red) depicts a

unimodal structure that reaches its maximum at a period

of 100 days. This indicates that the ocean prefers a time

scale of 100 days. To further test the sensitivity of this

period to wind oscillation patterns, we replace tEOF1

with tEOF2 (spatial distribution of the secondEOFmode

of summer monsoon; Fig. 3b) in Exp17–31, and similar

results are also found (the blue curve in Fig. 7). This

suggests that this period is not influenced by the pattern

of wind oscillation. Moreover, it is found that for both

the wind oscillations, STD values within the span 30–

60 days are much larger than those in 10–25 days, re-

sembling the feature derived from Exp1.

Previous studies implied the possibility that stronger

response of the SCS towind forcing at 30–60 days than at

10–25 days is caused by the reddening of atmospheric

white noise (Frankignoul 1979; Frankignoul et al. 1997).

To test this hypothesis, we perform Exp32 with wind

forcing:

t5 t
mean

(x, y)1 t
EOF1

(x, y)y(t) , (3)

where y(t) represents a white noise time series. Figure 9

presents the dominant EOF mode derived from Exp32,

FIG. 8. Variations of mean STD of h in region 78–168N, 1088–
1158E (black rectangle in Fig. 2d) with a period of wind forcing.

Red and blue curves represent experiments forced with tEOF1 and

tEOF2, respectively.

FIG. 7. (a) Normalized PC of first EOF mode derived from sat-

ellite (red) and 1.5-layer model (blue). (b) As in (a), but for the

second EOF mode. Correlations between curves in (a) and (b) are

0.66 and 0.63, respectively.
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which explains 34% of the total variance. As opposed to

the result based on linear theory of stochastic forced

variability, which speculates a red-noise response, the

spectral of this mode is characterized by a unimodal

pattern with the peak around 100 days, proving that

there indeed exists a preferred time scale in the SCS.

The preferred variability frequency period derived

from the numerical experiments is close to the time scale

of the SCS adjustment suggested by Bayler and Liu

(2008), implying that this preferred period is the intrinsic

period of the SCS Basin. We test this hypothesis by

forcing the SCS with steady summer monsoon tmean in

Exp33 and perform EOF analysis to h, which yields two

leading EOF modes that account for 53% and 40% of

the total variance, respectively (Fig. 10). Both modes

depict wavelike patterns in the zonal direction with a

period of 104 days. Considering the pattern of the mean

circulation, these modes embody the wave adjustment

process and are manifested by variations of the eastward

jet area. The magnitude of correlation between the time

series of these two modes reaches the maximum 0.95 at

625 days (about one-quarter of the dominant period),

suggesting that the signal is nearly periodic. It is also

found that the waves in Figs. 10a and 10b are slightly

tilted toward the northeast–southwest, which may be

caused by the latitudinal variation of their phase speeds.

The wavelike patterns are compared with the Rossby

basin mode suggested by Cessi and Louazel (2001).

FIG. 9. (a) The first EOF mode of the h field (m) in the SCS derived from Exp32. (b) Energy

spectra of this mode.

JULY 2017 YANG ET AL . 1563



Considering the 1.5-layer baroclinic planetary wave

model,

›h

›t
1 (U2 c

R
)
›h

›x
52W

e
, and (4a)

c
R
5b

g0(H1 h)

f 2
, (4b)

where U and cR are zonal-mean eastward velocity and

phase speed of first-order baroclinic Rossby waves,

respectively. Both U and cR are obtained from the

1.5-layer reduced-gravity model. The variable We

is the Ekman pumping velocity. Compared to the

equation used in Cessi and Louazel (2001), the role of

background current U in affecting oceanic variability

is considered here. This is necessary in the SCS be-

cause the jet between two gyres is relatively strong. To

simplify the calculation, the SCS Basin within the re-

gion of 48–238N, 1108–1198E is treated as a closed

rectangle with a domain 950 km wide and 2000 km

long. Following Cessi and Louazel (2001), We is set

to be

W
e
5W

0
v(t)F(y) . (5)

Here, F(y) is the meridional distribution of Ekman

pumping velocity, which is calculated from ECMWF

data, and v(t) is a random number generated at every

time step from a standard Gaussian distribution. Under

the constraint of mass conservation, the Fourier trans-

form of Eq. (4a) gives

ĥ
0
(s)5

ðLy

0

2FfL
x
2 is21(U2c

R
)[e2isLx/(U2cR)21]gdy

v̂

ðLy

0

f(U2 c
R
)[e2isLx/(U2cR) 2 1]gdy

,

(6)

where ĥ0(s) is defined as the Fourier transform of h0,

upper-layer thickness deviation along the eastern

boundary, and the hat indicates the Fourier transform.

The spectrum is obtained by calculating the square of

the absolute value of Eq. (6) and ensemble averaging

with jv̂2j5 1 (Fig. 11). According to Fig. 11, the pre-

ferred time scale of response for the SCS summer

FIG. 10. (a) First and (b) second EOF modes of the h field (m) in the SCS derived from Exp27. Energy spectra of

these two modes are shown in (c) and (d), respectively.

FIG. 11. Power spectrum of upper-layer thickness deviation

along eastern boundary h0(t) calculated based on eigenmodes

analysis. The spectrum peaks at 101 days.
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circulation is found to be 101 days, which is very close to

the peak period shown in Fig. 10. The consistency be-

tween the theoretical analysis and model outputs sug-

gests that the intraseasonal variability of the SCS

summer circulation is dominated by the linear Rossby

wave adjustment process.

According to Cessi and Louazel (2001), the time scale

of the oceanic intrinsic variability is determined by the

transit time of the slowest Rossby wave across the basin.

We have estimated this transit time at different latitudes

in the SCS, and it is shown that the transit time curve

peaks at around 168N with the maximum at 106 days

(not shown), consistent with the results from the theo-

retical calculation.Moreover, wemodify cR in themodel

by varying g0 in several sensitivity experiments. In

Exp34–48 and Exp49–63, we set g0 to be 0.036 and

0.027ms22, respectively, but keep the wind forcing the

same as Exp2–16. Under this setting, the longest transit

time reduces/increases to 88/113 days. Figure 12 shows

the variations of STD with different periods of wind

forcing. Compared to Fig. 8, the peaks of the curves

move to 90 and 110 days in Figs. 12a and 12b, re-

spectively, which are in good agreement with the ex-

pected results derived from theoretical analysis. To

further prove that this process does work in the SCS, we

calculate the dissipation time scales of eastward Rossby

waves, which are essential for the basin mode (Pedlosky

1987; see the appendix). It is found that it takes about

120 days for the horizontal viscosity to wipe out the

eastward Rossby waves, which is larger than the time

scale of basin mode (100 days). Thus, it is likely that this

theory is applicable in the SCS.

According to the above analysis, we briefly explain the

physical processes regarding the selectivity of ocean

response to wind oscillations. At intraseasonal time

scale, the atmospheric variability is dominated by two

signals with approximately equal strength, that is, M30

and M20. However, because the period of M30 is closer

to the intrinsic period of the SCS (about 100 days), at

which the resonance between ocean adjustment and

atmosphere oscillation is achieved, the magnitude of

oceanic variability induced by M30 is much larger than

that caused by M20.

5. Summary and discussion

Based on both observations and the reduced-gravity

model, the response of the upper-layer SCS to intra-

seasonal variability of wind forcing during summertime

is studied. The major results of this study are summa-

rized as follows:

1) Intraseasonal variability of the SCS summer mon-

soon is dominated by two oscillations, that is, M30

and M20. The variability of SSH is only significant at

the period of 40–60 days, implying the selectivity of

the ocean response to wind forcing.

2) Numerical experiments indicate that the preferred

period of ocean response is around 100 days, which is

determined by the Rossby basin mode associated

with the interaction between the long, westward-

propagating Rossby waves and the short, eastward-

propagating Rossby waves. As the period of M30 is

closer to this intrinsic period, the oceanic signal

induced by M30 is much stronger than by M20.

In addition, the selectivity of the ocean response can

also be understood in terms of the critical period of the

free first baroclinic mode Rossby waves (Lin et al. 2008).

Based on this theory, the period of free Rossby waves

has a minimum value Tc 5 (4pf )/(b
ffiffiffiffiffiffiffiffi
g0H

p
). On one

hand, for those atmosphere oscillations with a period

smaller than the critical period Tc, the Rossby waves

FIG. 12. The red curve as in Fig. 8, but for g0 5 (a) 0.036 and

(b) 0.027m s22.

FIG. 13. Variations of critical period Tc (days) with the latitude in

the summer SCS.
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do not exist. On the other hand, for those with a period

larger than the Tc, both long and short oceanic Rossby

waves transmit the signal from the atmosphere into the

ocean interior. Figure 13 shows the critical period for

each latitude in the SCS, and it is found that the critical

period reaches 25 days at around 108N, indicating that

M20 cannot excite free Rossby waves north of 108N. In

comparison,M30 can regulate the circulation in the whole

SCS, as the critical period Tc is always less than 45 days.

This difference may serve as another factor that leads to

the selectivity of the SCS response to wind forcing.

Previous studies have suggested that the PacificOcean

may affect the intraseasonal variability of the SCS cir-

culation through the Luzon Strait and the Mindoro

Strait (Liu et al. 2011; Nan et al. 2015). To examine this

effect, we compute two additional solutions with the

northwestern Pacific basin involved in the model do-

main (Fig. 14). In the first run, the SCS and the North

Pacific are only connected by the Luzon Strait (Exp64),

while they are connected by both the Luzon Strait and

the Mindoro Strait in the second run (Exp65). In Exp64,

high STD values are found confined to the area north of

198N where the Kuroshio intrusion occurs, while mag-

nitudes of STD are very small in the SCS Basin interior.

Compared to that, STD is significantly larger within the

latitudinal band 138–198N when the Mindoro Strait is

opened. Two factors may be responsible for this. On one

hand, the northern branch of SCS through flow is es-

tablished. Water from the Pacific Ocean flows into the

SCS through the Luzon Strait and leaves the SCS at

the Mindoro Strait, forming a cyclonic circulation in the

northern SCS (not shown). Variability of this circula-

tion, such as evolution of transport or pathway, will

enlarge the STD. On the other hand, oceanic variability

at the Mindoro Strait excites coastal Kelvin waves that

propagate northward along the west coast of the Phil-

ippines and Rossby waves that propagate westward (Liu

et al. 2011). Magnitude of STD is 1.5m in the northern

SCS, accounting for 10% of that caused by the mon-

soonal wind in the SCS. This suggests that the water

exchange with the Pacific Ocean plays a secondary role

in regulating the SCS intraseasonal variability. In addi-

tion to the Mindoro Strait, the Karimata Strait is also an

important constituent part of the interaction between

the SCS and surrounding waters. We speculate the STD

will be larger when the Karimata Strait is opened.

However, the depth of the Karimata Strait is less than

50m; thus, the 1.5-layer reduced-gravity model is not

applicative in this area. This will be further explored in

detail with the ocean general circulation model.
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APPENDIX

Mechanism of the Rossby Basin Mode

Considering the quasigeostrophic equations,

›

›t

 
=2c2

1

R2
d

c

!
1b

›c

›x
5 0. (A1)

Here, c represents the streamfunction. Let c(x, y, t) 5
Ree2istF(x, y) and we obtain

=2F1
ib

s

›F

›x
5 0. (A2)

The notation Remeans real part. Then, making variable

substitution by F(x, y)5 e2bx/2sf(x, y), we get the

Poisson equation

=2f1

 
b2

4s2
2

1

R2
d

!
f5 0. (A3)

Assuming that the SCS is a closed rectangle with a do-

main of Lx 5 950km and Ly 5 2000km, we get the ei-

genvalues of this system:

f5 sin
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8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

Here, we choose Rd to be 105m based on the reality of

the SCS. According to Eq. (A4c), T is close to 100 days

when m 5 3 and n 5 1. The corresponding short-wave

vector is K5 f2[b/(2s)]2 [(3p)/Lx]gi6 (p/Ly)j.

Then, considering the quasigeostrophic equations

with time tendency and dissipation term,

›

›t

 
=2c2

1

R2
d

c

!
5A

H
=4c . (A5)

Taking in c derived from Eq. (A4), the scale of the

terms in the bracket on the left-hand side of Eq. (A5) is

O

(
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b

2s
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,
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, (A6a)

while that of lateral dissipation on the right-hand

side is

O

(
max

"
A

H

�
b

2s

�4

, A
H

�
3p

L
x

�4
#)

. (A6b)

Therefore, the dissipation time scales of eastward

Rossby waves is found by solving Eqs. (A6a) and (A6b).
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