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ABSTRACT

This study finds that the correlation between El Niño–Southern Oscillation (ENSO) and the activity of

mesoscale oceanic eddies in the South China Sea (SCS) changed around 2004. The mesoscale eddy number

determined from satellite altimetry observations using a geometry of the velocity vector method was sig-

nificantly and negatively correlated with the Niño-3.4 index before 2004, but the correlation weakened and

became insignificant afterward. Further analyses reveal that the ENSO–eddy relation is controlled by two

major wind stress forcingmechanisms: one directly related to ENSOand the other indirectly related to ENSO

through its subtropical precursor—the Pacific meridional modes (PMMs). Both mechanisms induce wind

stress curl variations over the SCS that link ENSO to SCS eddy activities. While the direct ENSOmechanism

always induces a negative ENSO–eddy correlation through theWalker circulation, the indirect mechanism is

dominated by the northern PMM (nPMM), resulting in a negative ENSO–eddy correlation before 2004, and

by the southern PMM (sPMM) after 2004, resulting in a positive ENSO–eddy correlation. As a result, the

direct and indirect mechanisms enhance each other to produce a significant ENSO–eddy relation before 2004,

but they cancel each other out, resulting in a weak ENSO–eddy relation afterward. The relative strengths of

the northern and southern PMMs are the key to determining the ENSO–eddy relation andmay be related to a

phase change of the interdecadal Pacific oscillation.

1. Introduction

The South China Sea (SCS) is a semienclosed sea lo-

cated in the subtropical western Pacific whose upper-

ocean circulation is strongly influenced by surface winds

in the region (e.g., Fang et al. 1998; Chu et al. 1999; Hu

et al. 2000; Fang et al. 2002; Liu et al. 2008; Hu andWang

2016). The winds produce stress and stress curls that

directly drive ocean currents within the basin as well as

modulate Kuroshio intrusions into the basin through the

Luzon Strait, both of which are the primary factors in

determining the circulation pattern in the SCS (e.g.,

Farris andWimbush 1996; Qu 2000; Qu et al. 2004; Yuan

et al. 2006; Wang et al. 2013). The surface wind patterns

vary seasonally in association with the seasonal reversal

of the East Asian monsoon (e.g., Ding et al. 2004; Wang

et al. 2009) and interannually in association with the

occurrence of El Niño–Southern Oscillation (ENSO)

events (e.g., Chao et al. 1996; B. Wang et al. 2000; Qu

et al. 2004, 2005; C. Wang et al. 2006; Y. Wang et al.

2006). During ENSO events, anomalous warming and

cooling of the sea surface in the central-to-eastern

tropical Pacific can disturb the atmospheric circulation,

resulting in sea surface wind variations over a large part

Denotes content that is immediately available upon publica-

tion as open access.

Corresponding author: Jin-Yi Yu, jyyu@uci.edu; Jianyu Hu,

hujy@xmu.edu.cn.

1 FEBRUARY 2019 TUO ET AL . 685

DOI: 10.1175/JCLI-D-18-0187.1

� 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

mailto:jyyu@uci.edu
mailto:hujy@xmu.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


of the Pacific Ocean, including the SCS region (e.g.,

Zhang et al. 1997; C. Wang et al. 2006; Fang et al. 2006;

Wang et al. 2009). The Luzon throughflow can also

convey the ENSO influence into the interior SCS (Farris

andWimbush 1996; Qu et al. 2004, 2009; Nan et al. 2015).

Surface wind variations over the SCS affect not only

the large-scale circulation but also the mesoscale ocean

eddies inside the basin. Mesoscale eddies can be ob-

served throughout the SCS (e.g., Soong et al. 1995; Li

et al. 1998; Shaw et al. 1999;Wang et al. 2003; Yuan et al.

2007; D. Wang et al. 2008; Xiu et al. 2010; Chen et al.

2011; Lin et al. 2015; Xia and Shen 2015) and have a

typical radius of about 100–200km and a typical lifespan

of approximately 8–10 weeks (Chen et al. 2011). Despite

their chaotic nature, mesoscale ocean eddies play an

essential role in transporting water mass, energy, and

biochemical substances into the interior SCS and can

profoundly impact the regional climate and environ-

ment(e.g., Hwang and Chen 2000; Wang et al. 2003; Xiu

et al. 2010; Chen et al. 2011). Previous studies have

suggested that mesoscale eddies in the SCS can be

generated via baroclinic instability of the gyre circula-

tion within the basin (Pedlosky 1982; Wu et al. 1999;

L. Wang et al. 2000; Cheng and Qi 2010; Sun et al. 2016)

that is forced by the monsoonal flows, the interactions

between the monsoonal flows and coastal topography

(Wang et al. 2003; G. Wang et al. 2008; Chen et al. 2010;

Chu et al. 2017), and by the frontal instability (Wang

et al. 2003; Gan and Qu 2008) or vorticity advection as-

sociated with Kuroshio intrusions (Metzger and Hurlburt

2001; Jia and Chassignet 2011; Nof et al. 2011). Each of

these eddy-generation mechanisms is directly or indi-

rectly related to the prevailing wind stress and wind

stress curls over the SCS. Variations in surface winds

induced by remote forcings, such as those associated with

ENSO, can strengthen or weaken the gyre instability or

Kuroshio intrusions to modulate the SCS eddy activity.

Mesoscale eddies respond to wind forcing rather rapidly

with a response time of about one to several weeks (Chi

et al. 1998; G. Wang et al. 2008; Chu et al. 2017).

ENSO is a key contributor to the interannual vari-

ability in surface winds over the SCS, which in turn

should enable ENSO to influence the mesoscale eddy

activity in the SCS. However, previous studies were not

conclusive concerning the relationship between ENSO

and SCS mesoscale eddy activity. Cheng and Qi (2010),

for example, found the level of eddy kinetic energy

(EKE) in the SCS to be below normal during El Niño
events but above normal during La Niña events. They

argued that El Niño (La Niña) events can induce anom-

alous anticyclonic (cyclonic) wind stress curl over the

SCS, which weakens (strengthens) the background cy-

clonic gyre, giving rise to a below- (above) normal level

of eddy activity during El Niño (La Niña) events. ENSO

can also affect the mesoscale eddy activity in the SCS

by modulating the Kuroshio intrusions into the basin.

Typically, El Niño events weaken the Kuroshio in-

trusions (Metzger and Hurlburt 2001; Metzger 2003;

Qu et al. 2004), which reduces frontal instability and/or

vorticity advection into the SCS (Cheng and Qi 2010;

Nan et al. 2015) and consequently reduces eddy activity

in the SCS; and vice versa for La Niña events (Jia and

Chassignet 2011; Nof et al. 2011; Nan et al. 2015).

ENSO is also suggested to affect the summer monsoon

flow that modulates the wind stress curl pattern off

Vietnam and thus affects the eddy activity in the SCS

(Chu et al. 2017). However, there were studies that

suggest that the ENSO impact on the SCS eddies is

weak or not clear. Xiu et al. (2010) employed a nu-

merical model to examine the relationship between

ENSO and the eddy number and found no direct cor-

relation. Chen et al. (2011) found no obvious correla-

tion between ENSO and the SCS eddy number they

identified from satellite observations. The different find-

ings on the ENSO–eddy relationship may be caused by

the different datasets or identification methods used in

the studies, or theymay be due to the existence of decadal

changes in the ENSO–eddy relationship.

Because of their random and chaotic characteristics,

mesoscale eddies are not easy to directly identify from

observations. In this study, we employ an automatic

eddy identification method based on the geometry of

velocity (GV) field (Nencioli et al. 2010) to determine

the mesoscale eddy number in the SCS from satellite

altimetry observations. TheGVmethod has been shown

to determine the eddy number with reasonably good

accuracy (Lin et al. 2015; Xia and Shen 2015) compared

with other methods (Wang et al. 2003; Xiu et al. 2010;

Chen et al. 2011). We then use the identified eddy

number to examine the relationship between ENSO and

SCS mesoscale eddy activity. We discovered that the

ENSO–eddy relationship is not stationary but changes

from decade to decade. Furthermore, we find the me-

soscale eddy activity in the SCS is also affected by the

remote forcing from an ENSO precursor—the Pacific

meridional modes (PMMs) in the subtropical Pacific of

both hemispheres. The subtropical Pacific influences,

which were not emphasized by previous studies, are a

reason why the ENSO–eddy relationship changes over

the decades. The large-scale dynamical mechanisms that

link SCS mesoscale eddies to ENSO and the PMMs are

then identified and explained.

This paper is organized as follows: Data and the

method for identifying mesoscale eddies used in this

paper are introduced in section 2. The wind stress

curl modes and associated large-scale atmospheric and
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oceanic anomalies are described in sections 3 and 4,

respectively. The possible mechanisms for the decadal

variation in ENSO–eddy relationship are discussed and

analyzed in section 5. Section 6 summarizes the findings

and implications from this study.

2. Data and methods

a. Datasets

In this study we used the sea level anomaly (SLA) and

geostrophic current anomaly data from the Archiving,

Validation, and Interpretation of Satellite Oceanographic

Data (AVISO) mission to identify eddies in the SCS. The

merged daily AVISO data are available from January 1993

to October 2014 and have a resolution of 1/48 longitude 3
1/48 latitude. The altimeter data contain aliases as a result of

shelf, tidal, and internal waves over the shelf area (Yuan

et al. 2006), which can introduce errors in eddy detection

algorithms. Therefore, the SLA data in waters with depths

shallower than 200m are not used in this study. Also used

are the monthly sea surface wind, sea surface temperature

(SST), and sea level pressure (SLP) data during the period

1993–2014. The sea surface wind data are provided by a

cross-calibrated multiplatform (CCMP) project that in-

cludes cross-calibrated satellite winds derived from a com-

bination of many radar scatterometers (Atlas et al. 2011).

The monthly CCMP wind product also has a resolution of

1/48 longitude 3 1/48 latitude. The monthly SST and SLP

data are from theERA-Interim of the EuropeanCentre for

Medium-Range Weather Forecasts, which has a resolution

of 1/48 longitude 3 1/48 latitude (Dee et al. 2011). To cal-

culate wind stress curl, we first used the bulk formulation of

Trenberth et al. (1990) to calculate zonal and meridional

components of wind stress tx and ty, respectively. We then

applied Stokes’s theorem to obtain the vertical component

of curlz(t)5 =3 t, which is the surface wind stress curl. To

representENSOactivity, weobtained themonthlyNiño-3.4
index from the National Oceanic and Atmospheric Ad-

ministration (NOAA). We also used the interdecadal Pa-

cific oscillation (IPO) index from NOAA, and calculated

the North Pacific Oscillation (NPO) index based on the

previous study by Yu et al. (2012). Indices to represent the

strengths of the northern and southern PMMs were also

used in this study. Following Zhang et al. (2014), we calcu-

lated the monthly northern and southern PMM indices as

the SST anomaly averaged over the northeast Pacific (218–
258N, 1388–1428W) and the southeast Pacific (198–158S,
1038–1078W), respectively. Anomalies in this study are de-

fined as the deviations from the climatological seasonal cy-

cle for the period 1993–2014 after removing the linear trend.

b. Identification of mesoscale oceanic eddies

The GV method examines the geometry of velocity

vectors to identify eddies (Nencioli et al. 2010). A me-

soscale eddy is defined as a flow feature containing a

FIG. 2. (a) Monthly values of the number of mesoscale eddies in

the SCS (solid blue) and Niño-3.4 index (dashed red), and (b) their

10-yr sliding correlations. Also shown are the Niño-3.4 index after

an 11-month running mean has been applied (solid red) in (a), and

the 95% and 99% significance levels of a Student’s t test in (b).

FIG. 1. The mesoscale eddies identified by the GVmethod using

the SLA (contour; cm) and current (vectors; cm s21) observed on

26 Jan 1993. The red and blue circles denote the edges of anticy-

clonic and cyclonic eddies, respectively.
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consistent sense of rotation relative to a center of minimum

speed and is surrounded by an enclosed streamline (as

shown in Fig. 1). When applying the GV method to

detect an eddy, there are two major steps in the cal-

culation: one is to detect the eddy center and the other

one is to determine the enclosed streamline that cor-

responds to the eddy center.

In searching for a potential eddy center, we need to

localize the search area. Two parameters a and b are

used to localize the search area and to set the minimum

size of eddy detectable. Here the parameter a defines

how many points away from a chosen center point will

be examined, and the parameter b defines the horizontal

size (in grid points) of the area used to calculate the local

minimum velocity. Their values have to be tuned based

on the data resolution to optimize the performance of

the GV method (Nencioli et al. 2010). The perfor-

mance can be assessed by the ‘‘success detection rate’’

(SDR5Nc/Ni) and the ‘‘excess detection rate’’

(EDR5Ne/Ni), where Nc is the number of eddies de-

tected by both the expert and the detectionmethod, Ni is

the number of eddies identified by the expert only, and

Ne is the number of eddies detected by the eddy de-

tection method only. Because of the limited horizontal

resolution of the altimeter data, only eddies with a

radius larger than 25 km (1/48 grid) can be resolved.

Earlier studies have found that linearly interpolating the

velocity field to higher-resolution grids can significantly

improve the SDR and reduce the EDR (Liu et al. 2012;

Lin et al. 2015; Xia and Shen 2015). To achieve the

minimum size of eddy detectable standard while con-

serving computation resources, we choose to linearly

interpolate the velocity field to a finer subgrid of 1/208 3
1/208. This interpolation enables the minimum detect-

able radius to be reduced to 25km. The parameter

values used here (a5 5 and b5 4) are adapted fromXia

and Shen (2015), who showed that these values pro-

duced the highest SDR and the lowest EDR when ap-

plying the GVmethod to the same AVISO dataset used

in this study.

The outer edge of the eddy determined by the

streamlines is calculated from the streamfunction c:

u0 52›c/›y and y0 5 ›c/›x. Here, u0 and y0 are the zonal
and meridional components of the sea surface geo-

strophic current anomaly, respectively. The edge of an

eddy is defined as the outmost enclosed streamline

around the eddy center provided that the velocity

magnitudes from the enclosed streamline along an ar-

bitrary radius to the eddy center decrease.

This GVmethod enables us to count the daily number

of mesoscale eddies in the SCS. Figure 1 shows, as an

example, the locations of anticyclonic eddies (AEs) and

FIG. 3. The spatial patterns of the (a) EOF1 and (b) EOF2 modes of the wind stress curl anomalies (color and

contour) over the SCS. Also shown are the regressions of surface wind anomalies (vector) onto (a) PC1 and

(b) PC2.
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cyclonic eddies (CEs) identified by the GV method for

26 January 1993. On this particular day, there are a total

of 15 mesoscale eddies in the SCS, which includes 9 CEs

and 6 AEs. The eddies on this day are distributed more

or less evenly across the SCS basin, which is in general

consistent with mean climatology of eddy probability

reported in earlier studies (e.g., Chen et al. 2011). It

should be noted here that only SLA differences larger

than 2 cm can be observed accurately by the satellite

(Pujol et al. 2016). To avoid errors introduced by the

observations, we omitted any eddy with an amplitude

smaller than 2 cm from our results (e.g., the two AEs off

Hainan in Fig. 1).

3. Relationships between ENSO and SCS
mesoscale eddies

We examine the eddy–ENSO relationship first by

showing in Fig. 2a the time series of the monthly values

of the eddy number in the SCS and the Niño-3.4 SST

index. The monthly values of the eddy number were

calculated as the sum of the daily eddy number identi-

fied by the GVmethod and ranged between 400 and 500

eddies (per month) during 1993–2014. The immediate

impression from the figure is that there is a tendency for

the eddy number to be out of phase with the Niño-3.4
index. This indicates that the eddy number in the SCS

decreases during El Niño events but increases during La

Niña events. This negative ENSO–eddy relationship is

consistent with the findings of some previous studies

(e.g., Cheng and Qi 2010; Chen et al. 2011; He et al. 2016;

Chu et al. 2017). We have also used three other identifi-

cation methods—that is, the SLA-based method (Wang

et al. 2003), the Okubo–Weiss (OW) approach method

(Okubo 1970;Weiss 1991), and the hybrid (HY)method

(Yi et al. 2014)—to calculate the mesoscale eddy num-

ber in the SCS and then to recalculate the ENSO–eddy

relationship; the results obtained (not shown) are similar

to those in Fig. 2b.

However, the correlation does not seem to be sta-

tionary throughout the entire analysis period. In par-

ticular, the out-of-phase relationship becomes less

evident after 2004. This initial analysis indicates that

there may be a change in the ENSO–eddy relationship

around 2004. To confirm this and to more precisely de-

termine the timing of the change, we show in Fig. 2b a

sliding correlation between the eddy number and the

Niño-3.4 index using a 10-yr moving window. This figure

confirms that the ENSO–eddy relationship changed

around 2004 from being significantly and negatively

correlated before to noncorrelated afterward. The eddy

number shows a stronger negative correlation with the

Niño-3.4 index that passes the 95% significance level

only during the pre-2004 era. Therefore, in the rest of

this study we focus on understanding how the ENSO–

eddy relationships are established before and after 2004.

Surface wind stress curl is one of the most relevant

generation mechanisms for mesoscale oceanic eddies

and needs to be analyzed in order to understand the

ENSO–eddy relationships. To identify the leadingmodes

of variation in surface wind stress curl over the SCS, we

perform an empirical orthogonal function (EOF) analy-

sis to the curl anomalies over the SCS (58–258N, 1058–
1238E). The two leading EOF modes (EOF1 and EOF2)

explain 21.3% and 12.8%, respectively, of the total vari-

ance and distinguish themselves from the rest of the EOF

modes (not shown). Therefore, we focus only on these

two modes.

The spatial pattern of EOF1 (Fig. 3a) consists of a

basin-scale monopole of wind stress curl anomalies with

an elongated band extending from the center (158N,

1158E) of the analysis box toward a region to the

northwest of Luzon Island. In its positive phase, EOF1 is

characterized by an anomalous anticyclone covering

almost the entire SCS basin. This wind stress curl pattern

can spin down the gyre-scale circulation in the SCS,

FIG. 4. (a) PC1 and PC2 of the first twoEOFmodes of wind stress

curl anomalies over the SCS and (b) their 10-yr sliding correlations

with theNiño-3.4 index. ThePCvalues shown are normalized by their

standard deviations and have been applied with an 11-month running

mean. The 90% and 95% significance levels are marked in (b).
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which is cyclonic over the entire SCS during boreal

winter (Fang et al. 2006; Y. Wang et al. 2006; Cheng and

Qi 2010) and cyclonic north of 128N during boreal sum-

mer (Fang et al. 2006;G.Wang et al. 2008). Therefore, the

EOF1 pattern (in its positive phase) can weaken the SCS

gyre-scale circulation and its associated baroclinic in-

stability, resulting in a reduction in the mesoscale eddy

activity in the SCS. As for EOF2 (Fig. 3b), its spatial

pattern exhibits a meridional dipole of wind stress curl

anomalies with a slight northwest-to-southeast tilt. The

northwest lobe of the dipole is located to the east of

Hainan Island, while the southeast lobe is located to the

west of Luzon Island.Associatedwith this anomalous curl

pattern, an anticyclonic wind stress anomaly pattern

occupies most of the SCS. The negative wind stress curl

anomalies are stronger and occupy most of the SCS, es-

pecially north of 128N, while the positive wind stress curl

anomalies are weaker and occupy the regions to the

south. This EOF pattern (in its positive phase) can spin

down the summer gyre-scale circulation and a large part

of the winter gyre-scale circulation, resulting in a weak-

ening of SCSmesoscale eddy activity during both seasons.

These two EOF patterns can also affect the SCS eddy

activity by modulating the Kuroshio intrusion, which is

another major generation mechanism for the mesoscale

eddies in the SCS (Metzger and Hurlburt 2001; Jia and

Chassignet 2011; Nof et al. 2011). In their positive phase,

both EOF1 and EOF2 have positive wind stress curl

FIG. 5. Lead–lagged regressions of SST (color; 8C) and sea surface wind anomalies (vectors; m s21) onto PC1

during (a)–(d) P1 and (e)–(h) P2, and onto PC2 during (i)–(l) P1 and (m)–(p) P2. The lag values (months) are shown

at the left top of each panel. The white dots and red vectors indicate regressions that exceed the 90% significance

level, based on a Student’s t test.
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anomalies southwest of Taiwan that lower local sea surface

heights through Ekman transport and negative wind stress

curl anomalies northwest of Luzon that elevate local sea

surface heights (Metzger and Hurlburt 2001; Liang et al.

2008; Hsin et al. 2012; Wu and Hsin 2012). The resulting

meridional pressure gradient across the Luzon Strait can

weaken the Kuroshio intrusion into the SCS (Qu 2000;

Metzger and Hurlburt 2001; Liang et al. 2008; Hsin et al.

2012; Wu and Hsin 2012), reducing mesoscale eddy ac-

tivity in the SCS. Therefore, both the EOF1 and EOF2

modes tend to reduce (increase) eddy production over a

large part of the SCS by influencing the SCS gyre-scale

circulation and Kuroshio intrusions during their positive

(negative) phase.

We next examine how these two leading modes are re-

lated to ENSO. Figure 4 shows the principal components

of these two EOFs (i.e., PC1 and PC2) and their 10-yr

sliding correlation with the Niño-3.4 index. As shown in

Fig. 4b, it is interesting to find that these two modes show

similar positive correlations with Niño-3.4 index before

2004 but dramatically opposite correlations with Niño-3.4
index after 2004. The EOF1 mode of wind stress curl

anomalies maintains its positive correlation with the Niño-
3.4 index throughout the analysis period, but the EOF2

mode changes from being positively correlated with Niño-
3.4 index before 2004 to negatively correlated afterward.

Therefore, these two EOF modes respond similarly to

ENSObefore 2004 to enable ElNiño (LaNiña) toweaken
(strengthen) the production of SCS mesoscale eddies, but

they respond opposite after 2004 to cancel each other out,

resulting in a weak relationship between SCS eddies and

ENSO. The change in the correlation seen in Fig. 2b

FIG. 5. (Continued)
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between ENSO and the SCS eddy number around 2004

can be a result from the enhancement and cancelation

between these two EOFmodes before and after that time,

respectively.

4. Large-scale atmospheric and oceanic anomalies
associated with modes of SCS wind stress curl
variability

We then examine the large-scale atmospheric circu-

lation and SST anomalies associated with these two

leading modes by regressing SST, SLP, and surface wind

anomalies onto PC1 and PC2 during the period before

2004 (1993–2003; P1) and the period afterward (2004–

14; P2). Both of the SST regressions onto PC1 during P1

(Figs. 5a–d) and P2 (Figs. 5e–h) are dominated by a

typical evolution of El Niño (Rasmusson and Carpenter

1982). The SST anomalies originate first off the South

American coast and spread westward along the equa-

torial Pacific. The regressions of SLP onto PC1 (Figs. 6a,

d,e–h) also reveal several typical features associated

with a developing ENSO event. One of them is the

Southern Oscillation pattern over the tropical Pacific

that is characterized by negative SLP anomalies over the

tropical eastern Pacific and positive SLP anomalies over

the tropical western Pacific.When we zoom into the lag 0

regressions around the SCS region (Figs. 7a,b), we can

clearly see that the positive SLP anomalies over the SCS

are part of the western Pacific center of the Southern

Oscillation during both P1 and P2 (cf. Figs. 7a,b, 6c,g).

FIG. 6. As in Fig. 5, but for the regressions of SLP (color and shading; Pa) and sea surface wind (vector; m s21)

anomalies.
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The positive SLP anomalies over the SCS have a local

center over the Philippine Sea that induces an anticy-

clonic wind stress pattern over the entire SCS that re-

sembles the EOF1 mode (cf. Figs. 7a,b, 3a). These

regression analyses indicate that the EOF1 mode of

wind stress curl variations over the SCS is part of the

Southern Oscillation that accompanies the developing

ENSO during both P1 and P2. This explains why the

EOF1 mode maintains a stationary positive correlation

with the Niño-3.4 index throughout the analysis period.

As mentioned above, the EOF2 mode exhibits a re-

markable change in its relationship with the Niño-3.4
index around 2004. During the pre-2004 period (i.e., P1),

the SST regression (Figs. 5i–l) is dominated by a pattern

like the northern Pacific meridional mode (nPMM)

(Chiang and Vimont 2004) that features warm SST

anomalies spreading from the North American coast to

the tropical central Pacific and cool SST anomalies that

persist in the tropical eastern Pacific. After PC2 and the

nPMM reaches their peak phases at lag 0, the warm SST

anomalies at the tropical central Pacific continue to

develop into an El Niño event. This El Niño resembles

more closely the central Pacific El Niño (Yu and Kao

2007; Kao and Yu 2009) than the conventional eastern

Pacific El Niño. This is consistent with the suggestion

that the nPMM is a precursor of ENSO (e.g., Chang

et al. 2007; Yu et al. 2010; Yu and Kim 2011; Yu et al.

2017). As such, PC2 leads the development of El Niño;
this is in contrast to PC1, which develops together with

El Niño. Therefore, the EOF2 mode of the surface wind

stress curl variations in the SCS is associated with a

precursor of ENSO before 2004 (i.e., during P1). The

FIG. 6. (Continued)
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positive correlation between PC2 and the Niño-3.4 in-

dex in Fig. 4c during this subperiod does not represent

an SCS response to El Niño but rather a joint connection
of the EOF2 and ENSO with the nPMM. We show in

Fig. 8 the lead–lag correlations between the two PCs and

the Niño-3.4, nPMM, and southern PMM (sPMM) in-

dices for the two periods (P1 and P2). The figure shows

that PC2 has a larger simultaneous (lag 0) correlation

coefficient with the nPMM index (0.37) than with the

Niño-3.4 index (0.08) during the P1 subperiod (Fig. 8c).

In contrast, PC1 has a larger simultaneous correlation

with the Niño-3.4 index (0.37) during this period. Our

analyses indicate that the negative correlation between

the SCS eddy activity and ENSO can be established

directly through ENSO (i.e., the EOF1 mode) and in-

directly through anENSOprecursor—the northern PMM

(i.e., the EOF2 mode) before 2004.

The SLP regression onto PC2 during the pre-2004

period (Figs. 6i–l) is dominated by an NPO pattern

(Walker and Bliss 1932; Rogers 1981; Linkin and Nigam

2008), which is characterized by an out-of-phase varia-

tion between the Aleutian low and the Pacific sub-

tropical high. The correlation coefficient between PC2

and the NPO index is 0.75 during P1. Recent studies

have suggested that the NPO can induce SST anomalies

off Baja California via anomalous surface heat fluxes,

which then spread southwestward via subtropical Pacific

atmosphere–ocean coupling into the equatorial Pacific

to trigger the development of ENSO in the tropical

central Pacific (Kao and Yu 2009; Yu et al. 2010; Yu and

Kim 2013; Yu et al. 2017). This sequence of events is

similar to those associated with the positive nPMM

pattern and the ENSO onset shown in Figs. 5i–l. The

regressed surface wind anomalies (particularly at lag 0;

Figs. 5k, 6k) show that an anomalous surface cyclone

forms over the western North Pacific (covering the re-

gion from Japan to Taiwan) in association with the

nPMM. This cyclonic anomaly is a Gill-type response to

the positive SST anomalies associated with the nPMM

that has beenmentioned in previous studies of the PMM

(e.g., Wang et al. 2012; Zhang et al. 2016). This anom-

alous cyclonic circulation induces anomalous northerly

winds over the SCS similar to those in the EOF2 pattern

(cf. Figs. 7c, 3b).

During the post-2004 period (i.e., P2), the SST re-

gression onto PC2 (Figs. 5m–p) is very different from

that obtained during the pre-2004 period. The regressed

anomalies are dominated by an sPMM (Zhang et al.

2014) in the southeastern Pacific. The sPMM is the

Southern Hemispheric analog of the nPMM and is

FIG. 7. SLP (color and contour; Pa) and surfacewind (vector;m s21) anomalies in the SCS regressed onto the (a),(b)

PC1 index and (c),(d) PC2 index during subperiods (left) P1 and (right) P2. The white dots and red vectors indicate

regressions that exceed the 90% significance level, based on a Student’s test.
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characterized by SST anomalies extending from the

Peruvian coast toward the equatorial central Pacific. As

shown in Fig. 8d, PC2 has a larger simultaneous corre-

lation coefficient with the sPMM index (20.22) than

with the nPMM index (20.07) during the P2 subperiod.

The sPMM is capable of developing into the deep

tropics through its connection with cold tongue ocean

dynamics (e.g., mean advection) (Zhang et al. 2014). As

shown in Figs. 5m–p, cold SST anomalies developed at

the equator together with the evolution of the negative

phase of the sPMM. As a result, PC2 also shows a large

negative correlation with the Niño-3.4 index during this

period. It should be noted that the positive values of the

PC2 are associated with a ‘‘cold’’ phase of the sPMM

and a La Niña during P2 but associated with a ‘‘warm’’

phase of the nPMM and an El Niño during P1. This

explains why the correlation between PC2 and the Niño-
3.4 index changed from positive before 2004 to negative

afterward. The SLP anomalies regressed onto PC2

during P2 (Figs. 6m–p) are dominated by positive values

over the southeastern Pacific, a typical pattern associ-

ated with the cold sPMM pattern [cf. Fig. 1f of Zhang

et al. (2014)]. The regressed surface wind anomalies

indicate an anomalous anticyclonic circulation formed

between 1308E and 1808 as a Gill-type response to the

cold SST anomalies associated with the sPMM (Figs. 5o,

6o). As part of a Rossby wave response, an anomalous

cyclonic circulation forms farther to the west over the

western North Pacific. The anomalous cyclone extends

from Japan into the Philippine Sea and induces an

anomalous northerly pattern in the SCS that is similar to

the EOF2 mode. This similarity can be better seen by

FIG. 8. (a),(b) Lead–lag correlation between 5-month running mean PC1 and the Niño-3.4, northern and

southern PMM indices during subperiods (left) P1 and (right) P2. (c),(d)As in (a) and (b), respectively, but for PC2.

The 90% and 95% significance levels of a Student’s t test are marked.

1 FEBRUARY 2019 TUO ET AL . 695



focusing on the anomalies around the SCS (Fig. 7d). It is

very interesting to find that a similar wind stress anom-

aly pattern in the SCS can be produced as a direct Gill-

type response to the nPMM during P1 or as part of a

Rossby wave train associated with the Gill-type re-

sponse to the sPMM during P2.

To further confirm that EOF2 is indeed related to the

nPMM before 2004 (i.e., P1) but to the sPMM afterward

(i.e., P2), we show in Fig. 9 the wind and SLP anomaly

patterns regressed onto the nPMM and sPMM indices

during the two subperiods. The figure shows that during

P1, the nPMM-regressed wind and SLP anomaly pat-

terns are similar to those regressed onto the PC2 during

P1 (cf. Figs. 6k, 9a), with a pattern correlation coefficient

of 0.76. In both sets of regressions, surface northerlies

prevail south of 128N throughout the SCS. However, the

nPMM regressions during P2 are very different from the

PC2 regressions during that period (cf. Figs. 6g, 9b),

with a pattern correlation coefficient between them of

only 20.23. Besides having a very different SLP anom-

aly pattern from the PC2 regressions, the nPMM re-

gressions show very weak surface wind anomalies over

the SCS during this period. In contrast, sPMM-regressed

wind and SLP anomaly are similar to those regressed

onto PC2 during P2 (cf. Figs. 6g, 9d) but not during P1

(cf. Figs. 6k, 9c). Their pattern correlations reach 0.42

during P2 but only 0.22 during P1. Since the positive

phase of EOF2 is related to the negative phase of the

sPMM, the signs of the regression patterns in Figs. 9c

and 9d have been reversed to aid the comparison with

Figs. 6g and 6k. The sPMM regressions show prevailing

northerlies throughout the entire SCS during P2 but

only to the north of 128N during P1.

Thus, our analyses suggest that theEOF1mode of wind

stress curl variations in the SCS is directly forced by

ENSO via the Southern Oscillation throughout the anal-

ysis period, whereas the EOF2 pattern is forced by the

nPMMbefore 2004 and by the sPMMafter 2004. Also, the

nPMM links the positive phase of the EOF2 to El Niño,
while the sPMM links the positive EOF2 to La Niña. As a

result, when an El Niño event occurred during the pre-

2004 period, it was associated with a positive phase of

EOF1 and a positive phase of the EOF2 that together

produce anticyclonic wind stress curl anomalies over the

SCS. This weakened wind stress curl thus curbed the

production of mesoscale eddies in the SCS. In contrast,

when an El Niño event occurred during the post-2004

period, it was associated with a positive phase of the EOF1

and a negative phase of the EOF2, and the wind stress curl

anomalies over the SCS tended to be weak as a result and

so there was a weak ENSO impact on SCS eddy activity

during this subperiod. The differing relationship between

the SCSeddy number and theENSObefore and after 2004

is caused by the differing associations of the EOF2 mode

with the northern and southern PMMs around that time.

To further confirm the changed relationships between the

FIG. 9. SLP (color; Pa) and surface wind anomalies (vectors; m s21) regressed onto (a),(b) the nPMM index and

(c),(d) the sPMM index (sign reversed, see text) during subperiods (left) P1 and (right) P2. The white dots and red

vectors indicate regressions that exceed the 90% significance level, based on a Student’s test.
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SCS eddy number and the two PMMs, we show in Fig. 10

the 10-yr sliding correlations between the monthly eddy

number anomaly and the nPMM and sPMM indices. This

figure clearly shows that the SCS eddy number was more

strongly correlated with the nPMM during the period be-

fore 2004 but more correlated with the sPMM afterward.

This result adds support to our finding on the relative

importance of the northern and southern PMMs for the

SCS eddy activity changes from decade to decade.

5. Influences of the IPO on the recent ENSO–eddy
relation changes

A key question to ask is what causes the EOF2–PMM

relation to change around 2004? We notice that 2004 is

close to the time when the IPO switches from its positive

to negative phase (Fig. 11). The IPO’s phase changemay

be the reason for the change in EOF2–PMM relations

around 2004. The SST and SLP anomalies regressed

onto the IPO index during the subperiods before and

after 2004 are shown in Fig. 12. It shows that the ENSO-

like SST variability associated with the IPO (Figs. 12a,c)

is associated with large SLP anomalies over both the

northeastern and southeastern Pacific (Figs. 12b,d)

during both periods. These are the regions where the

nPMM and sPMM are located. The figure indicates that

SLP anomalies over the sPMM region increased in

magnitude from P1 to P2. Figure 12 suggests that the

SLP anomalies produced by the IPO change the

strengths of the background trade winds in these two

regions, resulting in a difference in the relative impor-

tance of the nPMM and sPMM before and after 2004.

This possible modulation effect of the IPO on the

nPMM and sPMM requires a more extensive study of

the northern and southern PMM dynamics that is be-

yond the scope of this study.

6. Summary and discussion

In this study we have examined the interannual vari-

ability in the number of mesoscale eddies in the SCS and

its relationship with ENSO.While previous studies have

already provided useful findings on the impact of ENSO

on SCS eddies, our research uncovered a change in the

ENSO influence in recent years, specifically around

2004. Furthermore, we find that the ENSO–eddy re-

lationship is controlled by two wind stress curl mecha-

nisms: one directly related to ENSO and the other

related to precursors of ENSO—the northern and

southern PMMs.

These two mechanisms appear as the two leading

EOF modes of the interannual variability in surface

wind stress curl over the SCS. While the direct ENSO

mechanism produces a negative ENSO–eddy correla-

tion throughout the analysis period, the indirect PMM

mechanism produces a negative ENSO–eddy correla-

tion before 2004 but a positive ENSO–eddy correlation

afterward. As a result, ENSO can strongly impact the

number of SCS eddies through the additive effects of

both ENSO and ENSO-precursor (i.e., the PMMs)

mechanisms before 2004, but it has little impact on the

SCS eddy number after 2004 as a result of the cancel-

lation between these two mechanisms. The differing

ENSO–eddy correlation produced by the PMM mech-

anism may be related to a phase change of the IPO

around 2004, which links the SCS eddies to the northern

FIG. 10. (a) The 10-yr sliding correlations between the eddy

number anomaly in the SCS and the nPMM. (b) As in (a), but for

the sPMM. Also shown are the 90% and 95% significance levels of

a Student t test in (a) and (b).

FIG. 11. The IPO index after a 10-yr running mean (standard de-

viation). The red part marks the analysis period of this study.
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PMM during the pre-2004 period but to the southern

PMM during the post-2004 period.

Onemajor finding of this study is that both the northern

and southern PMMs can produce strong impacts on me-

soscale oceanic eddies in the SCS, which has not been

documented previously. While the northern PMM has

been extensively studied, the southern PMM has not re-

ceived the same attention. Much is still unknown about

why and how the relative importance of these two PMMs

can be modulated by the phase change of the IPO and

what that implies for decadal changes in SCS eddy activi-

ties. These issues were not addressed in this study and

require further investigations. It should be noted that the

findings reported here are based on datasets that are rather

short for a study of interannual and (especially) inter-

decadal variability as a result of the limited availability of

altimetry observations in the SCS. We suggest that the

analyses presented here should be repeated when longer

periods of data become available to verify our findings.
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