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ABSTRACT

Satellite altimeter sea surface height (SSH) data from the past 17 yr are used to investigate the interannual-

to-decadal changes in the bifurcation of the North Equatorial Current (NEC) along the Philippine coast. The

NEC bifurcation latitude migrated quasi decadally between 108 and 158N with northerly bifurcations ob-

served in late 1992, 1997–98, and 2003–04 and southerly bifurcations in 1999–2000 and 2008–09. The observed

NECbifurcation latitude can be approximatedwell by the SSHanomalies in the 128–148Nand 1278–1308Ebox

east of the mean NEC bifurcation point. Using a 1 ½-layer reduced-gravity model forced by the ECMWF

reanalysis wind stress data, the authors find that the SSH anomalies in this box can be simulated favorably to

serve as a proxy for the observed NEC bifurcation. With the availability of the long-term reanalysis wind

stress data, this helps to lengthen the NEC bifurcation time series back to 1962. Although quasi-decadal

variability was prominent in the last two decades, the NEC bifurcation was dominated by changes with a

3–5-yr period during the 1980s and had low variance prior to the 1970s. These interdecadal modulations in the

characteristics of the NEC bifurcation reflect similar interdecadal modulations in the wind forcing field over

the western tropical North Pacific Ocean. Although the NEC bifurcation on interannual and longer time

scales is generally related to the Niño-3.4 index with a positive (negative) index corresponding to a northerly

(southerly) bifurcation, the exact location of bifurcation is determined by wind forcing in the 128–148N band

that contains variability not fully representable by the Niño-3.4 index.

1. Introduction

The North Equatorial Current (NEC) is a westward

confluent current of the interior Sverdrup flows of the

North Pacific subtropical and tropical gyres. After en-

countering the western boundary along the Philippine

coast, the NEC bifurcates into the southward-flowing

Mindanao Current (MC) and the northward-flowing

Kuroshio (e.g., Nitani 1972; Toole et al. 1990; Hu and

Cui 1991). At the crossroads of the subtropical and trop-

ical circulations, the bifurcating NEC provides important

pathways for heat and water mass exchanges between the

mid- and low-latitude North Pacific Ocean (Fine et al.

1994; Lukas et al. 1991). Because thewestern Pacificwarm

pool with sea surface temperatures .288C extends pole-

ward of 178N (Locarnini et al. 2006), the NEC’s bifur-

cation and transport partitioning into the Kuroshio and

MC are likely to affect the temporal evolution of the

warm pool through lateral advection. In addition to its

influence on physical conditions, changes in the NEC bi-

furcation are also important to the regional biological

properties and fishery variability along the Philippine

coast and in the western Pacific Ocean (e.g., Amedo et al.

2002; Kimura et al. 2001).

Located at the western boundary of the Pacific basin,

the NEC bifurcation is subject to both the local mon-

soonal wind forcing and the remote forcing of the broad-

scale interior ocean via baroclinic Rossby waves (Qiu

and Lukas 1996). On the seasonal time scale, analyses

based on historical hydrographic data, assimilationmodel

output, and satellite altimeter measurements reveal that

the bifurcation latitude reaches its northernmost position

in November/December and its southernmost in May–

July (Qu and Lukas 2003; Yaremchuk and Qu 2004;

Wang and Hu 2006). This seasonal migration of the NEC

bifurcation agrees in general with the predictions based

on a 1½-layer reduced-gravity oceanmodel (Fig. 9 inQiu

and Lukas 1996) and a full-fledged ocean general circu-

lation model (Fig. 4 in Kim et al. 2004). Both models find

a southernmost NEC bifurcation in April/May, with its

northernmost counterpart in October/November.
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One consistent feature of both the data analyses and

numerical models is that the annual excursion of the

NEC bifurcation is about 28 latitude, much smaller than

the 108 annual excursion of the zero wind stress curl line

averaged across the Pacific basin. Dynamically, it takes

baroclinic Rossby waves ;(2.5–3) yr to traverse the Pa-

cific basin in the 108–158N band of the bifurcating NEC.

Effects of the annually forced baroclinic Rossby waves

tend to cancel out destructively following the wave paths,

resulting in a much reduced seasonal migration of the

NEC along the western boundary (Qiu and Lukas 1996).

The monsoonal wind forcing near the Philippine coast,

on the other hand, exerts a larger impact on the seasonal

NEC bifurcation because it experiences no along-path

destructive cancellations.

For the wind forcing with interannual and longer time

scales, the along-path cancellation effect also becomes

less significant because the same-signed baroclinic Rossby

waves are induced across the Pacific basin. Compared

to the seasonal signals, our knowledge of the lower-

frequency changes in the NEC bifurcation is limited by

a lack of systematic measurements. Though sporadic,

large interannual changes in the NEC bifurcation have

been detected in in situ observations. For example, Toole

et al. (1990) observed a twofold increase in transport

values of the NEC, the MC, and the Kuroshio in spring

1988 as compared with autumn 1987. Accompanying the

transport increase was a northwardmigration of theNEC

bifurcation from 12.68 to 14.18N. Similar large transport

changes in the NEC and theMCwere also detected more

recently by Kashino et al. (2009) in their December 2006

and January 2008 cruises off the Philippine coast. They

attributed the observed increased transport in December

2006 to the warm phase of the El Niño–Southern Oscil-

lation (ENSO) phenomenon. The change in bifurcation

latitude is not obvious from their hydrographic surveys of

the NEC along 1308E (their Fig. 3).

Accumulation of high-quality sea surface height (SSH)

data from satellite altimeters over the past 17 yr provides

us nowwith an effectivemeans to explore interannual-to-

decadal changes in the surface ocean circulation. As the

bifurcating NEC and the originating MC and Kuroshio

all have large cross-stream differential SSH signals (see

Fig. 1), satellite altimeter measurements are well suited

to detect their variability in a systematic way. The present

study has three objectives. The first is to describe the

time-varyingNECbifurcation along the Philippine coast

based on the 17-yr satellite altimeter data. Well-defined,

quasi-decadal changes with a peak-to-peak amplitude

exceeding 58 latitude are detected. The second objec-

tive is to examine the dynamics underlying the ob-

served bifurcation changes. This is pursued by adopting

a 1 ½-layer reduced-gravity model forced by reanalysis

surface wind stresses. Our third objective is to extend the

time series of theNECbifurcation back in timewith the use

of the dynamic model and proxy regional SSH anomaly

FIG. 1.Mean sea surface height field (cm) of the western PacificOcean fromRio et al. (2009).

Gray shadings denote areas where water depth is shallower than 1000 m. Pink dot near 128N

along the Philippine coast indicates the location of the mean NEC bifurcation.
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data. With the long time series from 1962, we attempt to

clarify the degree to which the interannual-to-decadal

variability in the NEC bifurcation can be attributed to

the ENSO-related wind stress curl forcing.

2. Identification of the NEC bifurcation from

satellite altimetry

To examine theNEC’s bifurcation along the Philippine

coast, we use the global SSH anomaly dataset com-

piled by the Collocte Localisation Satellites (CLS) Space

Oceanographic Division of Toulouse, France. The data-

setmerges theOceanTopographyExperiment (TOPEX)/

Poseidon, European Remote Sensing Satellite-1 (ERS-1)

and ERS-2, Geosat Follow-On, and Jason-1 and Jason-2

along-track SSH measurements (Le Traon et al. 1998;

Ducet et al. 2000). It has a 1/38 3 1/38 Mercator spatial

resolution and covers the period from October 1992

through December 2009. Because the focus of the present

study is on the low-frequency NEC bifurcation, the

original weekly dataset is temporally averaged to form

the monthly SSH anomaly dataset.

For identification of theNEC bifurcation, information

about the mean SSH field is required. In this study,

we adopt the hybrid mean dynamic topography pro-

duced by Rio et al. (2009). This mean SSH field, known

as MDT_CNES-CLS09, combines the GRACE geoid,

surface-drifter velocities, profiling float, and hydrographic

temperature–salinity data. It has a 1/48 spatial resolution.

As shown in Fig. 1, this mean SSH field reveals that the

NEC bifurcates at a mean latitude of ;128N northeast

of the island of Samar along the Philippine coast. This

mean bifurcation latitude for the surface NEC agrees

favorably with the values inferred previously based on

historical hydrographic and surface drifter data (Nitani

1972; Centurioni et al. 2004; Yaremchuk and Qu 2004).

For brevity, we will hereinafter refer to the NEC’s bifur-

cation latitude as Yb.

To determine the monthly Yb(t) values from the satel-

lite altimeter data, we first calculate the meridional geo-

strophic velocity as a function of y along the Philippine

coast,

y
g
(y, t)5

g

f
[h

e
(y, t)� h

w
(y, t)], (1)

where hw is the absolute (i.e., mean 1 anomalous) SSH

value averaged in the 18 band east of the Philippine coast,

he is the absolute SSH value averaged in the 18 band east

of the hw band, g is the gravity constant, and f is the

Coriolis parameter. For each month, Yb(t) is obtained

where yg(y, t) 5 0. In the case where multiple zero

crossings are present along the Philippine coast, the

yg(y, t) 5 0 point whose SSH value can be traced back

(i.e., upstream) to the core of the westward-flowing

NEC is selected. Figure 2a shows the time series ofYb(t)

thus derived from October 1992 to December 2009.

Because of the presence of the intraseasonal variability

associated with the Mindanao Current (e.g., Qiu et al.

1999; Firing et al. 2005; Kashino et al. 2005), large

month-to-month excursions are seen in the Yb(t) time

series (gray line). Prevalence of the interannual-to-

decadal variability in Yb(t) becomes easily discernible if

a low-pass filter1 is applied to the time series (solid line).

As shown by the black line in Fig. 2a, the amplitude of

the low-frequency Yb variability is substantial and has a

range from 9.58 to 158N. Compared to this large migra-

tion on the interannual and longer time scales, the an-

nual Yb variation is small, with an amplitude of about

18 latitude: 11.58–12.58N (see Fig. 2b). In agreement with

the previous studies reviewed in the introduction, the

seasonal NEC bifurcation extends to its northernmost

latitude around November–January and retreats to its

southernmost latitude during April–July.

The altimeter-derived SSH data near coasts can pos-

sibly be affected by unremoved tidal signals (e.g., Le

Provost 2001). To address this potential problem, a sen-

sitivity analysis is conducted in which we used the SSH

difference data 100 km offshore of the Philippine coast in

Eq. (1). The resultantYb(t) time series reveals a temporal

pattern very similar to that of Fig. 2a, especially for the

low-pass filtered signals (not shown). Because the ob-

served SSH signals amplify toward the west, the bifur-

cation latitude based on the offshore SSH difference data

tends to have a smaller (;94%) amplitude than that

based on the near-shore SSH difference data. Given this

sensitivity analysis, the Yb(t) time series in Fig. 2a can be

regarded as a robust estimate representing the time-

varying NEC bifurcation.

It is instructive here to relate the low-frequency Yb

signals to the broader-scale circulation changes in the

western tropical Pacific Ocean. To do so, we compare in

Fig. 3 the SSH field in four periods, during two of which

(April 1997–March 1998 and January 2003–December

2004) the NEC had a northerly bifurcation and in the

other two periods (January 1999–December 2000 and

July 2007–June 2009) the NEC bifurcated at a southerly

latitude. It is interesting to note that, when Yb is south-

erly, the spatial circulation patterns shown in Figs. 3b,d

are very similar. To a lesser degree, this is also true for

the two circulation patterns when Yb is northerly. Com-

pared to the southerly bifurcation years, the tropical gyre,

characterized by the SSH values lower than 105 cm,

1 Throughout this study, low-pass filtering is done by applying a

Gaussian filter with a form of exp(2d2/2s2), where d is the tem-

poral separation in months and s 5 3.5 months.
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has a better defined thermocline ridge along 78–88N in

the northerly bifurcation years (Figs. 3a,c). Associated

with the enhanced thermocline ridge, the intensity of

both the NEC and the North Equatorial Countercurrent

(NECC) is stronger in the northerly bifurcation years

than in the southerly bifurcation years. Responding to

the change in NEC’s intensity, the strengths of the bi-

furcatedKuroshio andMCare also larger in the northerly

bifurcation years. Notice that, as the NEC bifurcation

shifts northward and the North Pacific tropical gyre in-

tensifies, the SSHvalues in theCelebes Sea (approximately

18–68N, 1188–1258E), Sulu Sea (68–128N, 1188–1238E),

South China Sea (88–238N, 1158–1228E), and Indonesian

seas (58S–18N, 1158–1328E) also decrease.

Given the broad-scale SSH changes in connection

with the Yb(t) signals, it is of interest to explore whether

the SSH time series may be used as a proxy to represent

the time-varying Yb(t) signals. Figure 4 shows the in-

stantaneous correlation map between the monthly Yb(t)

time series and the pointwise SSH time series in the

western tropical Pacific Ocean. The highest correlation,

r ’ 20.85, is found at 138N, 1288E, close to the mean

location of the NEC bifurcation (recall Fig. 1). The

correlation is negative near the mean bifurcation point

because a northward (southward) shift in Yb is con-

nected to the expansion of the tropical (subtropical)

gyre that has low (high) SSH values. With the high

correlation value obtained locally near the mean bi-

furcation point, it is possible to construct through

least squares fitting the following proxy bifurcation

latitude Yp(t) using the observed SSH anomaly data

there:

FIG. 2. (a) Time series of the NEC bifurcation latitude Yb(t) inferred from the monthly

satellite altimeter SSHmeasurements (gray line). The black line indicates the low-pass filtered

Yb(t) time series. (b) NEC bifurcation latitude as a function of calendar months. Here, pluses

indicate individual Yb estimates and the solid line (shaded band) denotes the monthly average

(the standard deviation range).
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Y
p
(t)5 11.9� 0.133 h9(t) (8N), (2)

where h9(t) is the monthly SSH anomaly value (in cm)

averaged in the 128–148N and 1278–1308E box. The gray

line in Fig. 5a shows the Yp(t) time series constructed

according to Eq. (2). For the interannual-to-decadal sig-

nals of our interest (see the black solid and dashed lines in

Fig. 5a), the predictive skill of Yp(t) to the observed

NEC’s bifurcation latitude reaches S5 92.3%,where S[

1 2 h(Yp 2 Yb)
2i/h(Yb 2 11.9)2i and h�i denotes the

summation over time. Clearly, the SSH signals in the key

region of 128–148N and 1278–1308E serve as an excellent

proxy for the time-varying Yb(t) signals.

3. Dynamics governing the time-varying NEC

bifurcation

With the result presented in Fig. 5a, exploring the

dynamics for the Yb(t) changes becomes equivalent to

clarifying the causes responsible for the observed SSH

signals in the key region of 128–148N and 1278–1308E. In

the tropical Pacific Ocean, SSH variability (or equiva-

lently the changes in the upper-ocean layer thickness) is

induced predominantly by the time-varying surface

wind forcing. Many past studies have shown that the

wind-induced SSH variability can be quantified by the

1 ½-layer reduced-gravity model (e.g., Meyers 1979;

Kessler 1990; Qiu and Joyce 1992; Capotondi and

Alexander 2001; Capotondi et al. 2003). Under the long-

wave approximation, the linear vorticity equation gov-

erning the 1 ½-layer reduced-gravity model is given by

›h9

›t
� c

R

›h9

›x
5 �

g9$3 t

r
o
gf

� �h9, (3)

where h9(x, y, t) is the SSH anomaly, cR(x, y) is the speed

of long baroclinic Rossby waves, g9 is the reduced gravity,

ro is the reference density, t is the anomalous wind stress

vector, and � is the Newtonian dissipation rate. Given the

FIG. 3. SSH maps of the low-latitude western Pacific Ocean (cm) in (a) April 1997–March 1998, (b) January 1999–

December 2000, (c) January 2003–December 2004, and (d) July 2007–June 2009. Pink dots denote the location of the

NEC bifurcation. As indicated in Fig. 2a, the NEC bifurcates at northerly latitudes during periods in (a) and (c), and

at southerly latitudes during periods in (b) and (d).
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observed wind stress curl data, h9(x, y, t) can be solved

by integrating Eq. (3) from the eastern boundary (x5 xe)

along the baroclinic Rossby wave characteristic,

h9
m
(x, y, t)5

g9

r
o
gf

ðx

x
e

1

c
R

$3 t x9, y, t 1
x� x9

c
R

� �

3 exp
�

c
R

(x� x9)

� �

dx9, (4)

where h9m signifies the SSH anomalies deduced from

the wind-driven, 1 ½-layer reduced-gravity model. In

Eq. (4), we have ignored the solution due to the eastern

boundary forcing because its influence is limited to the

area a few Rossby radii away from the boundary (see Fu

and Qiu 2002). The confinement of the boundary-forced

SSH signals can be visually confirmed in Fig. 6a, in which

the SSH anomalies observed in the 128–148N band are

plotted as a function of time and longitude.

Figure 6b shows the time–longitude plot of the

modeled h9m field in the 128–148N band with the use of

g9 5 0.05 m s22, �5½ yr, and themonthlywind stress data

from the European Center for Medium-RangeWeather

Forecasts (ECMWF) Ocean Analysis System ORA-S3

(Balmaseda et al. 2008). Both the g9 and � values are

determined empirically by comparing modeled and ob-

served SSH anomalies. The horizontal resolution of the

ORA-S3 wind data is 18 3 18 and covers the period from

January 1959 to December 2009. For the long baroclinic

Rossby wave speed cR(x, y), we use the values derived

by Chelton et al. (1998). In the 128–148N band, cR has

values ranging from 0.12 m s21 in the eastern basin to

0.22 m s21 in the western basin, and these values result

in a basin transit time of ;2.6 yr. Compared to the ob-

served SSH anomalies shown in Fig. 6a, the linear vor-

ticity model captures well the large-scale SSH anomaly

signals. For example, both the model and observations

show the dominance of annual cycles of SSH anomalies

in the central and eastern basins and that the interannual

and longer time-scale variability prevails in the Philip-

pine basin west of 1608E. The linear correlation between

the observed and modeled h9 fields in Fig. 6 has an

overall coefficient r 5 0.74, and this coefficient value is

somewhat larger, r5 0.88, in the region that is key to the

NEC bifurcation: 128–148N and 1278–1308E. Notice that

smaller-scale SSH anomalies are also present in the ob-

servations (Fig. 6a) and these features are not reproduced

by the linear vorticity dynamics of Eq. (3).

Following the same least squares fitting procedure

that derives the proxy bifurcation latitude from the ob-

served SSH anomaly data, we can infer the NEC’s bi-

furcation latitudeYm(t) using themodeled SSHanomaly

time series,

Y
m
(t)5 11.9� 0.173 h9

m
(t) (8N), (5)

where h9m(t) is the monthly modeled SSH anomaly value

(in cm) averaged in the 128–148N and 1278–1308E box.

The gray line in Fig. 5b shows the monthly Ym(t) time

series. Its low-pass filtered time series (the solid black

line in Fig. 5b) has a predictive skill of S 5 85.0% to

the low-pass filteredYb(t) signals. In other words, 85% of

the variance of the low-frequency signals in Yb can be

FIG. 4. Instantaneous linear correlation coefficient between the monthly time series of the

NEC bifurcationYb(t) and the SSH anomalies for the period of October 1992–December 2009.

Areas where the correlation coefficient amplitude exceeds 0.5 are shaded. The black dot at

13.438N, 144.658E indicates the Guam tide gauge station.
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accounted for by the SSH signals derived from the wind-

driven 1 ½-layer reduced-gravity model.

4. Interannual-to-decadal changes in the NEC

bifurcation

Although the variance of Yb(t) explained by the mod-

eled SSH anomalies is not as high as that by the observed

SSH signals (85.0% versus 92.3%), the linear vorticity

model nevertheless provides us with a useful means to

hindcast theNECbifurcation latitude for the years before

the era of satellite altimetry. With the ECMWFORA-S3

wind stress data available from January 1959 and given

the ;2.6-yr transit time by long baroclinic Rossby waves

to cross the Pacific basin in the 128–148Nband, we are able

to extend the h9m(x, y, t) time series backward to January

1962.

Before examining the Ym(t) time series based on

Eq. (5), it is desirable to verify the modeled, long-term

SSH anomaly signals against independent observations.

To achieve this, we utilize the tide gauge sea level data

from Guam at 13.438N and 144.658E (see Fig. 4 for its lo-

cation). Figure 7a compares the time series of themonthly

SSH anomalies from the tide gauge measurement at

Guam versus those of h9m(x, y, t) derived from Eq. (4) at

the same location. An overall good correspondence be-

tween the two time series is easily discernible. Of par-

ticular relevance to the present study is that the correlation

FIG. 5. (a) Time series of the proxy bifurcation latitude Yp(t) based on the observed SSH

anomaly data in 128–148N and 1278–1308E [see Eq. (2)]. Gray and black lines denote the

monthly and low-pass filtered Yp(t) time series, respectively. (b) As in (a), but for the model-

inferred NEC bifurcation latitude Ym(t) based on Eq. (5). In (a) and (b), the dashed line de-

notes the observed, low-pass filtered Yb(t) time series.
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coefficients between the two time series have similar

values (0.76 versus 0.86) for the periods before and after

October 1992. This implies that there exist no biases in

the wind forcing or model parameters between the pe-

riods before and after the altimetry era and that we

could use the same statistical relationship of Eq. (5) to

infer the NEC bifurcation latitude throughout the past

half century.

Figure 7b shows the monthly Ym(t) and its low-pass

filtered time series determined from Eq. (5). It is worth

noticing that the quasi-decadal signals, which domi-

nated the observed and modeled NEC bifurcation time

series over the last 17 yr (Fig. 5), were insignificant in

the years before 1992. As can be seen in Fig. 8a, based

on the wavelet analysis, the NEC’s bifurcation vari-

ability in the period of 1980–92 was dominated by sig-

nals with a wave period of 3–5 yr. Prior to 1970, Fig. 8a

reveals that the Ym(t) variability had a weak spec-

tral peak around 6 yr. During the 1970s, when the

longer time-scale variance was low, it is interesting to

note that there existed a compensating variance in-

crease in the annual and biennial frequency bands in

the Ym(t) variability.

Because the changes in Ym(t) reflect the cumulative

effect of the time-varying wind forcing along the Rossby

wave characteristics across the Pacific basin in the

128–148N band, it is important to quantify the relative

contributions of the forcing along the different parts of the

Pacific basin. One effective way to do so is to examine the

cumulative Ym(t) variance explained by the wind forcing

as a function of longitude X east of the key box of our

interest,

S(X)[ 1�
h½ h9

m
(x

e
, t)� h9

m
(X, t) �2i

h92m (xe, t)
� � , (6)

where h9
m
(X , t) denotes the box-averaged SSH anomaly

value forced by the wind stress curl to the west of

longitude X,

FIG. 6. (a) Time–longitude plot of the SSH anomalies in the 128–148N band from the satellite altimeter measurements.

(b) As in (a), but from the wind-forced linear vorticity model of Eq. (4).
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h9
m
(X, t)5

g9

r
o
gfL

x
L

y

ð148N

128N

ð1308E

1278E

ðx

X

1

c
R

$3 t x9, y, t1
x� x9

c
R

� �

exp
�(x� x9)

c
R

dx9

� �

dx dy, (7)

and LxLy denotes the area of the 128–148N and

1278–1308E box. By definition, h9
m
(x

e
, t) gives the same

h9m(t) time series shown in Fig. 7b and S(xe)5 1 in Eq. (6).

As shown in Fig. 9, the result of S(X) reveals that

much of the SSH variance in the key box off the NEC

bifurcation is caused by the wind forcing in the western

part of the Pacific basin: specifically, 80% of the SSH

variation is induced by wind forcing to the west of the

date line and the explained variance reaches 95% for

the wind forcing west of 1408W. The dominance by the

western basin forcing can be dynamically understood as

follows. As indicated in Fig. 6, most of the wind-induced

SSH anomalies east of 1708E have an annual frequency.

Because it takes about 2 yr for the baroclinic Rossby

waves in the 128–148N band to traverse from the eastern

boundary to 1708E, these annually forced SSH signals

FIG. 7. (a) Time series of the SSH anomalies at Guam from the tide gauge measurements (red line) and the wind-

forced linear vorticity model (blue line). (b) Time series of the model-inferred NEC bifurcation latitude Ym(t).

(c) Time series of the wind stress curl anomalies averaged in 128–148N and 1408–1708E. In (b),(c), thin and thick lines

denote the monthly and low-pass filtered time series, respectively. (d) Time series of the Niño-3.4 index (colored

bars) and the low-pass filtered Ym(t). See (b) for the vertical scale of the Ym(t) time series.
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are destructively canceled out along the Rossby wave

characteristics and exert little impact upon the SSH

signals near the western boundary. In contrast, the wind

forcing in the west basin has lower frequencies; because

it is closer to the western boundary, the forced SSH sig-

nals can reach the western boundary without the de-

structive cancellation.

Given the importance of wind forcing in the western

basin, it is of interest to have a closer look at the regional

wind stress curl signals. In Fig. 7c, we plot the time series

of the wind stress curl anomalies averaged in the area

of 128–148N and 1408–1708E. As indicated in Fig. 9, the

wind forcing from this longitudinal band explains;60%

of the model-derived Ym(t) variance. As compared with

the Ym(t) time series shown in Fig. 7b, there exists a fa-

vorable correspondence between the wind and Ym(t)

time series on the interannual and longer time scales.

Indeed, the linear correlation coefficient between the

low-pass filtered time series shown in Figs. 7b,c reaches

0.8 when the wind forcing leads Ym(t) by 5 months (see

dashed line in Fig. 10).2 Here, the two time series are

positively correlated, because a positive wind stress curl

anomaly strengthens the tropical gyre and leads to a

FIG. 8. (a) Wavelet power spectrum for the model-inferred NEC bifurcation latitude Ym(t).

Contour unit in (8)2. (b) As in (a), but for the wind stress curl anomalies averaged in 128–148N

and 1408–1708E. Contour unit in 10217 (N m23)2. In (a) and (b), shadings indicate estimates of

.95% confidence level and dashed lines indicate cones of influence by the edge effects.

2 The 5-month lag here is the time needed for the wind-induced

baroclinic Rossby waves to reach the SSH box at 1278–1308E from

the forcing longitude, 1408–1708E.

2534 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 40



northerly NEC bifurcation. As a consistency check, we

plot in Fig. 8b the wavelet power spectrum for the wind

stress curl time series shown in Fig. 7c. In agreement

with the decadal modulations we noted for the Ym(t)

time series, the low-frequency wind forcing had weak

variance before 1970s, was dominated by signals in the

;(3–5)-yr band, and had predominantly quasi-decadal

variance in the last two decades.

Several past studies have pointed out the connection

between the low-frequency variation in the NEC bi-

furcation and the ENSO signals in the tropical Pacific

Ocean (Qiu and Lukas 1996; Kim et al. 2004; Wang and

Hu 2006). Because the lengths of the NEC bifurcation

time series used in those studies were relatively short,

and given the changes in characteristics of Ym(t) over

time, it is important to reevaluate the ENSO connection

based on the longer Ym(t) time series derived in this

study. To represent the ENSO variability, we adopt in

this study theNiño-3.4 index.Use of other ENSO indices,

such as the Southern Oscillation index, does not alter

qualitatively the conclusions reached below. Figure 7d

shows themonthlyNiño-3.4 index (in color) with the low-

pass filtered Ym(t) time series superimposed. In accor-

dance with the previous studies, there exists an overall

good correspondence between the two time series: the

NEC tends to bifurcate at a northerly latitude when the

Niño-3.4 index is positive. A closer inspection of Fig. 7d,

however, indicates that the amplitudes of the two time

series do not match quite favorably. In fact, the linear

correlation between the two time series is r 5 0.5, in-

dicating that the Niño-3.4 index explains only 25% of the

Ym(t) variance (Fig. 10).

To further clarify the connection to ENSO, it is helpful

to compare the surface wind forcing responsible for the

Ym(t) signals with that associated with the ENSO vari-

ability. Figure 11a shows the surface wind stress vector

and curl field regressed to the normalized, low-pass fil-

tered wind stress curl anomaly time series in the 128–148N

and 1408–1708E band (recall Fig. 7c). As we noted above,

;60% of the modeled Ym(t) variability is induced by the

wind forcing from this band. On the broad spatial scales,

this wind forcing is associatedwith a cyclonic atmospheric

circulation over the entire western tropical PacificOcean.

For comparison, the surface wind stress and curl field

regressed to the normalized Niño-3.4 index is shown in

Fig. 11b. Not surprisingly, the regressed wind signals have

large amplitudes in the equatorial band. Along the

128–148N band important for the NEC bifurcation, the

regressedpositivewind stress curls are smaller in amplitude

and are zonally less coherent than those shown in Fig. 11a.

For example, the wind stress curl forcing west of 1408E is

mostly uncorrelated to theENSOvariability.Aswe found

in Fig. 9, the wind forcing west of 1408E can account for

15% of the time-varying Ym(t) variance. From the results

of Fig. 11, we conclude that, although an ENSO index is

able to serve as an indicator for the time-varying NEC

FIG. 9. Explained percent of variance of the model-inferred NEC bifurcation latitude Ym(t)

by the cumulative wind forcing from 1278E to longitudeX. See Eqs. (6) and (7) and the text for

details.
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bifurcation on the interannual and longer time scales, the

exact latitude of theNECbifurcation is determined by the

surface wind forcing in the 128–148N band in the western

Pacific basin, whose signals are not fully represented by

ENSO indices.

5. Summary

Sea surface height data from the multiple satellite al-

timeter missions of the past 17 yr are used to investigate

the time-varying NEC bifurcation along the Philippine

coast. The observed migration of the NEC bifurcation is

large in amplitude and has a quasi-decadal frequency.

The NEC bifurcated at a northerly latitude of ;148N in

late 1992, 1997–98, and 2003–04 and at a southerly lati-

tude of;108N in 1999–2000 and 2007–09.When theNEC

bifurcates at the northerly latitude, its surface transport

tends to increase, the Kuroshio and Mindanao Current

tend to intensify, and the SSH values tend to decrease in

regions surrounding the Philippines and the Indonesian

archipelagos. The reverse is true when the NEC bifur-

cation shifts to the south.

The time-varying NEC bifurcation signals can be ap-

proximated well by the SSH anomalies in the 128–148N

and 1278–1308E box east of the mean NEC bifurcation

point. The variance explained by the proxy SSH anom-

aly signals reach as high as 92%of the observed variance

of the NEC bifurcation. The SSH anomaly signals in the

128–148N and 1278–1308E box can be adequately simu-

lated using a 1 ½-layer reduced-gravity model forced by

the ECMWF ORA-S3 reanalysis wind stress data. Use

of the modeled SSH anomalies as a proxy accounts for

85% of the observed NEC bifurcation variance in the

period of the last 17 yr.

With the confirmation of the modeled SSH anomaly

signals serving well as a proxy, we extended the model-

derived NEC bifurcation latitude time series back to

1962 based on the available ECMWF reanalysis wind

stress data. A wavelet analysis reveals that the quasi-

decadal changes in the NEC bifurcation became prom-

inent only in the last 2 decades. During the 1980s, the

NEC bifurcation was dominated by changes with a 3–5-yr

period, and the NEC bifurcation had relatively low var-

iance prior to 1970s. These interdecadal modulations in

the characteristics of the NEC bifurcation reflect similar

modulations in the characteristics of the surface wind

forcing field over the past half century.

The surface wind forcing that is most relevant to the

NEC bifurcation resides in the 128–148N and 1408–1708E

band. To the east of 1708E, the wind stress curl forcing is

FIG. 10. The lagged correlation between the Niño-3.4 index and the low-pass filtered Ym(t)

time series shown in Fig. 7d (solid line). Positive lags denote the lead of the Niño-3.4 index. The

lagged correlation between the low-pass filtered wind stress curl anomalies and Ym(t) (dashed

line). Positive lags denote the lead of the wind stress curl signals.
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dominated by annually varying signals. The annually

forced SSH anomalies do not contribute effectively to the

NEC bifurcation variability because they tend to cancel

out as the signals propagate westward from the eastern

boundary to 1708E over an approximately 2-yr journey.

To the west of 1708E, the wind stress curl forcing has

more variance in the interannual and longer frequency

bands and the SSH signals induced there can directly

impact the NEC bifurcation. Although a positive (nega-

tive) Niño-3.4 index can be utilized as a general indicator

for a northerly (southerly) NEC bifurcation, the exact

NEC bifurcation latitude depends on the surface wind

forcing over the western tropical North Pacific Ocean

containing variability not fully representable by the

commonly used ENSO indices.
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