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[1] The variation of the North Equatorial Current (NEC) bifurcation is investigated using
results from a high-resolution ocean general circulation model (OGCM). The bifurcation
occurs at about 15.5°N for the annual average and is easily identifiable in the upper 500 m,
but it varies with time and depth. In agreement with recent observations, during the
summer season the NEC bifurcation moves equatorward with a weak poleward shift with
depth, while a large poleward movement with a poleward shift with depth is found during
the winter season. Vertical mode decomposition indicates that the seasonal variation of the
NEC bifurcation is dominated by the first two baroclinic modes. On the interannual
timescale, the meridional migration of the NEC bifurcation is strongly influenced by El
Nifio/Southern Oscillation (ENSO); its correlation with the Southern Oscillation Index
exceeds 0.8 in magnitude at depths around the thermocline. The NEC bifurcation occurs at

its northernmost position during El Nifio years and at its southernmost position during
La Nifia years. This variation is mainly accounted for by westward propagation of
upwelling (downwelling) Rossby waves generated by winds in the central equatorial
Pacific and by an anomalous anticyclone (cyclone) located in the western North Pacific
when a warm (cold) event matures. The interannual variability of the NEC transport is
highly correlated with that of the Mindanao Current (MC) and the Kuroshio transports. It
is also found that the interannual variability of the NEC bifurcation latitude is highly
correlated with the variations of transports in the NEC and the Kuroshio, but is less

correlated with transport variations in the MC.
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1. Introduction

[2] The North Equatorial Current (NEC) bifurcates into
the northward flowing Kuroshio and the southward flowing
Mindanao Current (MC) after it meets the western boundary
at the Philippine coast [Schott, 1939; Toole et al., 1990]. An
important indicator of the partition of the NEC mass, heat,
and salt transport between the Kuroshio and the MC is the
bifurcation latitude of the NEC. Because of this bifurcation,
part of the North Pacific Water is able to penetrate into the
tropical circulation through the MC [Fine et al., 1994]. The
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NEC, the MC, and the Kuroshio in the western North
Pacific exhibit strong seasonal and interannual variabilities
since they are in a geographical location where dynamic
processes are dominated by the monsoons and El Nifio-
Southern Oscillation (ENSO). It is therefore reasonable to
expect that the NEC bifurcation latitude also varies season-
ally and interannually.

[3] According to Sverdrup theory, the NEC should bifur-
cate at the zero line of zonally integrated wind stress curl.
This simple steady theory is, however, not sufficient to
understand the actual bifurcation latitude of the NEC. It
masks the variable interactions and exchanges of the water
masses between oceanic gyres. In reality, surface wind
varies both in time and space, and these variations make a
significant impact on the NEC bifurcation latitude by both
the local Asian monsoon and remote Rossby waves [Qiu
and Lukas, 1996]. Another limitation of the Sverdrup theory
is that it does not explain the depth dependence of the NEC
bifurcation latitude, which shifts from about 13°N near the
surface to as far north as 20°N at depths around 800 m [Qu
et al., 1998, 1999; Qu and Lukas, 2003]. This northward
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Figure 1. Annual mean dynamic height (dyn cm) and
geostrophic flow. (top) Observation at 100 m relative to
1200 m from Qu and Lukas’ [2003]) historical hydro-
graphical data. (bottom) Model at 100 m relative to 1007 m
from OGCM. The asterisks indicate the depth-averaged
NEC bifurcation points.

shift of the NEC bifurcation latitude with depth was
interpreted as a result of the poleward contraction of the
subtropical gyre on denser waters [Reid and Arthur, 1975].

[4] Since the flow field in the low-latitude western Pacific
is highly variable and complex, a general description of the
NEC bifurcation latitude variations has been difficult to
obtain due to lack of observations. Recently, Qu and Lukas
[2003] prepared a new climatology by using historical
temperature and salinity data. Increased resolution of the
new climatology allowed them to provide the first observa-
tional evidence on the depth dependence and seasonal
variation of the NEC bifurcation latitude. They showed that
the bifurcation of the NEC occurs at the southernmost
position in July and the northernmost position in December
and that it shifts northward with increasing depth. Their
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analysis did not include interannual variability of the
bifurcation due to data limitation.

[s] The interannual variation of the NEC bifurcation
has been examined by Qiu and Lukas [1996] using a
reduced-gravity model. They showed that the positive
wind stress curl of the trade wind tends to intensify
and shifts the NEC bifurcation latitude northward in the
year before El Nifio events and these changes influence
the midlatitude, subtropical circulation via the Kuroshio.
However, due to the limited vertical structure and the
absence of Indonesian Throughflow of the model, the
representation of their results needs to be further exam-
ined, and in particular, the variation of the NEC bifurca-
tion latitude at intermediate depths remains unknown. In
this study, we use results from a high-resolution ocean
general circulation model (OGCM) to estimate the sea-
sonal and interannual variations of the bifurcation latitude
and to identify the oceanic processes controlling these
variations.

[6] The paper is arranged as follows. Section 2 briefly
describes the model and its validation with observations.
Section 3 presents the seasonal variation of the NEC
bifurcation latitude and its depth dependence. Section 4
focuses on interannual variation of the NEC bifurcation
latitude and its relationship to the ENSO. The interannual
variations of transport in the NEC, the MC, and the
Kuroshio are also examined in this section. Results are
summarized and discussed in section 5.

2. Model Description and Validation
2.1. Model Description

[7] The model used for this study is the Japan Marine
Science and Technology Center (JAMSTEC) OGCM
[Ishida et al., 1998], based on Modular Ocean Model
version 2 [Pacanowski, 1995]. It covers a global domain
except for the Arctic Ocean extending from 75°S to
75°N, and has realistic coastline and bottom topography
based on the National Geophysical Data Center data set
(ETOPOS). The model has a horizontal resolution of
0.25° both in longitude and latitude and has 55 levels
in the vertical. The vertical grid spacing increases
smoothly from 10 m at the surface to about 50 m near
500 m, about 70 m near 1000 m depth, and about 400 m
at 6000 m. Data of the upper 32 levels (0-1007.29 m)
are used for this study.

[8] The model was spun up from an initial condition
given by the annual averaged temperature and salinity of
Levitus [1982] climatology. It was forced with the annual
mean wind stress of Hellerman and Rosenstein [1983]
during the first two model years and with the Hellerman-
Rosenstein monthly mean wind stress for 18 years. For
horizontal turbulent mixing, a highly scale-selective bihar-
monic operator was used, with a coefficient of —1 x 10"
ecm®sec”' for both momentum and tracers. The vertical
mixing follows the Pacanowski and Philander (1981)
formulation, and no isopycnal thickness mixing parame-
terization is incorporated. Then, the model was further
integrated for 17 years from 1982 to 1998 with 3-day
averaged ECMWF wind stresses and surface relaxation to
Reynolds sea surface temperature (SST) and to climato-
logical sea surface salinity (SSS). The simulation data
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(a) Model mean current vector field at a depth of 15 m for July—September 1988 to compare

with drifter velocity vectors averaged by 1° squares, July—September 1988 of Lukas et al. [1991]. Zonal
currents at a depth of 15 m at (b) 130.5°E, 15.5°N and (c) 133.5°E, 15.5°N for the OGCM (solid line) and

drifter zonal velocities (solid circle) from AOML.

were stored every 5 days, and they were averaged into
monthly data for the present analysis.

2.2. Model Validation

[9] The JAMSTEC model reproduces reasonably well
the circulation and thermal structure of the western
Pacific, including the sharp thermocline in the equatorial
region, the separation of the Kuroshio from the Japanese
coast, and many detailed phenomena associated with the
narrow western boundary currents [Ishida et al., 1998].
Standard deviation of the sea surface height from the

JAMSTEC model agreed with that from TOPEX/Posei-
don data as well as the Parallel Ocean Program (POP)
model [Fu and Smith, 1996]. The Kuroshio Extension
was simulated better by the JAMSTEC model than by the
POP model [Ishida et al., 1998]. Annual mean zonal
velocities from the JAMSTEC model, the POP model,
and the Ocean Circulation and Climate Advanced Mod-
eling (OCCAM) model were also compared by Donohue
et al. [2002]. The JAMSTEC model produced the stron-
gest and most realistic subsurface countercurrents because
of the model’s superior vertical resolution.
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Figure 3. Annual mean meridional velocity (cm/s) averaged within a 2° longitude band off the Philippine
coast. Positive value indicates northward flow, and the contour of zero velocity represents the NEC
bifurcation with the Mindanao Current (MC) and Kuroshio (KC). The MUC represents the Mindanao

Undercurrent.

[10] Figure 1 shows the annual mean geostrophic flow
inferred from dynamic height from the Qu and Lukas
[2003] climatology and the model. Here geostrophic calcu-
lation of the model results was based on a 1000-m reference
level, 200 m shallower than that used by Qu and Lukas
[2003], simply because only the upper 1007 m of model
data were available to us. In general, these velocity esti-
mates are consistent except in the region south of about
10°N, where Qu and Lukas’s [2003] climatology does not
capture the wavelike structures in the North Equatorial
Counter Current (NECC), presumably a result of smooth-
ing. We define the division between the tropical and
subtropical gyres at the western boundary (i.e., the NEC
bifurcation) as the depth-averaged bifurcation latitude in the
upper 522 m. It occurs around 15.5°N and 15.4°N in the
model and the observation, respectively.

[11] For synoptic model-data comparison, we also cre-
ated a mean absolute velocity field at 15 m for July—
September 1988 (Figure 2a), which looks similar to the
mean flow field derived from drifter data for the same
period presented by Lukas et al [1991, Figure 3]. The
Mindanao and Halmahera eddies, the NEC bifurcation at
the western boundary, and the wavelike structures of the
NECC are all reproduced by the model. For the interan-
nual variation, we compared model results with drifter
data maintained by the Drifter Data Center at the Atlantic
Oceanographic and Meteorological Laboratory (AOML)
of National Ocean and Atmospheric Administration
(NOAA). Around the NEC bifurcation latitude at
15.5°N, 130.5°E and 15.5°N, 133.5°E (asterisks in
Figure 2a), where the flow is dominantly westward, the
model and the drifter data show a remarkable agreement

(Figures 2b and 2c). Therefore we are confident that the
simulated flow fields are representative for the region
studied.

3. Seasonal Variations

[12] Monthly model absolute velocity, temperature, and
salinity fields from January 1982 to December 1998 were
averaged to estimate the mean annual cycle, and this
climatology was then used to investigate the mean seasonal
cycle of the NEC bifurcation latitude.

3.1. NEC Bifurcation Latitude

[13] With the model climatology created above, we define
the NEC bifurcation as a point where 2° longitude averaged
meridional velocity from the Philippine coast is zero. The
NEC bifurcation at the Luzon Strait (18.5°N—22°N) is not
considered here. Qu and Lukas [2003] used a 5° longitude
band because the western boundary currents derived from
historical data were considerably weaker and wider. In the
model, the width of the longitudinal averaging has little
effect on the estimated bifurcation latitude except for the
surface layer where Ekman drift occurs. For the annual
average the bifurcation occurs at about 14.3°N near the
surface, and it shifts to the north with increasing depth,
extending north of 16.6°N at 500 m (Figure 3). Below the
MC, the northward flow associated with the Mindanao
Undercurrent [Hu et al., 1991; Lukas et al., 1991; Qu and
Lukas, 2003] is evident.

[14] Figure 4 shows the bifurcation of the NEC for each
month in the upper 522 m, where the annual mean bifurca-
tion is well defined (Figure 3). The latitude of zero
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Figure 4. Annual march of the meridional velocity (cm/s) averaged within a 2° longitude band off the
Philippine coast. Positive value indicates northward flow, and the contour of zero velocity (thick solid
line) represents the NEC bifurcation.
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Figure 5. (a) Time-latitude plot of the ECMWF wind stress curl (N/m?) averaged from 123°E to 135°E.
(b) Time-latitude plot of the model layer heat storage (°C m) averaged from 123°E to 135°E. (¢) Time-
longitude plot of the model layer heat storage (°C m) averaged from 10°N to 20°N.

meridional velocity at each level moves toward its north-
ernmost position with a large shift with depth during winter
and toward its southernmost position with a weak shift with
depth during summer. Near the surface, the southernmost
bifurcation (13.2°N) is found in May and the northernmost
bifurcation (15.1°N) in September. At deeper levels,
this bifurcation shifts northward, approaching 15.1°N in
July and 18.0°N in January at depths around 500 m. These
seasonal variations of the bifurcation are consistent with
the observations [Qu and Lukas, 2003], except near the
surface. Ekman current driven by local Asian monsoon
causes an equatorward shift of the bifurcation latitude
during some months in the model. The maximum shift,
more than 1° in latitude, is in January, with relatively large
shifts of the bifurcation from October to June. Much
smaller impact of Ekman current is found from July to

September (Figure 4). Another important feature is the
shallower vertical confinement of the NEC bifurcation in
early summer, when the weak Mindanao Undercurrent
tends to be connected with the deep extension of the
Kuroshio [Qu and Lukas, 2003].

3.2. Upper Layer Heat Storage

[15] The NEC bifurcation is mainly confined between the
sea surface and the 26.7 oy surface, and layer heat storage
(LHS) within these depths is a good proxy for the depth of
thermocline in the western Pacific [Qu et al., 1998]. Thus
the changes in the LHS are directly related to the meridional
movement of the NEC bifurcation. In this section we
investigate the seasonal variation of the LHS.

[16] The seasonal variation of the LHS in the upper layer
is mainly due to the local Ekman pumping (Figures 5a
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Figure 6. (a) Annual mean Brunt - Viisild frequency N (z) averaged between 120°E and 140°E at
15°N. (b) Set of orthogonal modes, F, (z), obtained from N* (z) of Figure 6a.

and 5b) and the westward propagation of remotely forced
Rossby waves (Figure 5c¢). The local Ekman pumping
contains a strong annual signal associated with the Asian
monsoon and the meridional movement of the Intertropical
Convergence Zone (ITCZ) (Figure 5a). The zonally aver-
aged, positive wind stress curl and the associated downward
pumping have a larger meridional extent than the negative
wind stress curl. The latter is mainly confined to the north of
15°N. Low LHS is a response to strong positive wind stress
curl, and this indicates an anomalous cyclonic circulation in
winter, whose southward component near the western
boundary causes the NEC bifurcation to occur at a higher
latitude (Figure 5b). During the southwest monsoon, in
contrast, weaker wind stress curl produces an anomalous
anticyclonic circulation whose northward component near
the western boundary results in a shift of the NEC bifurca-
tion to its southernmost position [Qu and Lukas, 2003].
With a lag of about 2—3 months (2 months in August to
3 months in January), the wind stress curl leads the LHS
anomaly field (Figures 5a and 5b). The upward (downward)
Ekman pumping integrated over time results in a rising
(deepening) thermocline. Consistently, the phase relation
is such that the Ekman pumping leads the thermocline
displacement.

[17] The propagation of the LHS anomalies in winter is
different from those in summer. The anomalies show
generally a southward propagation south of 13°N—-15°N
(Figure 5b), presumably due to the ITCZ movement

(Figure 5a). In the north, between 15°N and 19°N, there
is a weak northward propagating signal in summer
(Figure 5b), and this signal is related to the negative wind
stress curl which leads the LHS anomalies by 2—3 months
(Figure S5a). As a result, the negative (positive) LHS
anomalies caused by the positive (negative) wind stress curl
make the tropical gyre extend to the north (south) and the
bifurcation latitude move northward (southward).

[18] To examine the influence of the westward propaga-
tion of Rossby waves, in Figure 5S¢ we include the LHS
anomaly averaged from 10°N to 20°N. Here the westward
propagation from around 145°E is evident, indicating that
the westward propagation of Rossby waves also plays an
important role in determining the LHS variation and thus
the NEC bifurcation latitude. Because of these Rossby
waves, the warm and cold anomalies generated west of
145°E are conveyed into the Philippine coast, and the
corresponding deepening and shoaling of the thermocline
result in a southward movement of the NEC bifurcation in
summer and a northward movement in winter, respectively.
These results confirm that both local and remote forcing can
play a role in the seasonal variation of the NEC bifurcation
as suggested by earlier works [Qiu and Lukas, 1996; Qu
and Lukas, 2003].

3.3. Vertical Modes
[19] In this section, we examine the most important
baroclinic modes involved in the bifurcation. We find that
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Figure 7a. Annual march of the first vertical mode of the model flow streamlines and dynamic height
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only the two gravest modes are contributing significantly.
The Brunt-Viisild frequency is determined from the annual-
mean density field calculated from the temperature and

salinity

15°N, and it is interpolated vertically to a 10-m resolution
up to 4000 m using a linear interpolation (Figure 6a). We
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Figure 8. Maps of RMS of (a) the surface zonal current anomalies (ZCA) estimated from the average of
the model top 500 m, (b) the first vertical mode of the ZCAs, (c) the second vertical mode of the ZCAs,
(d) the surface meridional current anomalies (MCAs) estimated from the average of the model top five
levels, (e) the first vertical mode of the MCAs, and (f) the second vertical mode of the MCAs, Units
are cmy/s.

C03040

compute the normal modes based on this vertical profile of
N using standard techniques [Gill, 1982]. The structure
functions are shown in Figure 6b, and they are applied to

of Levitus [1982] between 120°E and 140°E at projections of the model flow and the model dynamic height
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interpolated vertically to the same resolution as N. The
vertical profiles of the simulated current anomalies are
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Figure 9. Time-depth section of the NEC bifurcation latitude in upper depths above 522 m.

projected onto each orthogonal vertical mode using model
data to the bottom.

[20] Figures 7a and 7b show streamlines calculated from
zonal and meridional current anomalies (ZCAs and MCAs)
and dynamic height anomalies (DHAS) for the first and the
second baroclinic vertical mode, respectively. The north-
ward shift of the bifurcation latitude with depth is due to the
vertical structure function of the first and the second modes
that change sign at about 800 m and 200 m, respectively
(Figure 6). For mode 1, larger values of the anomalies
extend meridionally to the north of 15°N, whereas variabil-
ity of mode 2 is more confined to the south of that latitude.
Although the magnitudes of the anomalous circulation in
the second mode are smaller than those in the first mode,
westward DHA propagation appears to be equally depen-
dent on both modes.

[21] The streamlines and DHAs of the first mode explic-
itly show that anomalous cyclonic (anticyclonic) circulation
caused by the Asian winter (summer) monsoon is closely
related to the meridional excursion of the NEC bifurcation
latitude (Figure 7a). When the northeast monsoon prevails
in winter, strong Ekman pumping due to positive wind
stress curl produces an anomalous cyclonic circulation
(negative DHA). On the other hand, as the southwest
monsoon develops, local Ekman pumping reaches its sea-
sonal minimum [Qu and Lukas, 2003] and thus produces
an anomalous anticyclonic circulation (positive DHA).
Westward propagation of remotely generated Rossby waves
is also evident in the first mode. Therefore both the local
Ekman pumping and propagating Rossby waves play an
important role in the formation of the anomalous circulation
and thus in the meridional movement of the NEC bifurca-
tion latitude.

[22] For the second mode, we find that current anomalies
generated in the central Pacific propagate northward when

they reach the southern part of the Philippine coast. This
northward propagation of the anomalous circulation influ-
ences the NEC bifurcation. For instance, a negative DHA
with an anomalous cyclonic circulation gyre at 150°E
propagates westward and become gradually stronger from
July to January, and it rapidly weakens when it encounters
the southern part of the western boundary. Then the anom-
alous cyclonic gyre moves northward from February to
June, which prevents the NEC bifurcation from moving as
far south as expected from the intense anomalous anticy-
clonic gyre of the first mode. Another anomalous cyclonic
circulation gyre is located at the northern part of the
Philippine Sea from October to March, which enhances
the northward movement of the bifurcation through the
larger anomalous cyclonic circulation gyres of the first
vertical mode (Figures 7a and 7b). The opposite (same)
circulation gyres in both modes in summer (winter) will
reduce (increase) the seasonal vertical slope of the bifurca-
tion latitude as shown in Figure 4, which implies that the
seasonal vertical slope change can be accounted for by the
mutual interplay between the first and the second baroclinic
vertical modes.

[23] Figure 8 illustrates the contribution of the first two
modes to the variation of the surface currents. Because the
vertical functions for these two modes have no vertical
shear in the top 50 m, the surface current anomaly here is
calculated by averaging over the five uppermost levels of
the model (depth 10 m to 50 m). The root mean squares
(RMS) of the surface zonal current anomalies (ZCAs) and
meridional current anomalies (MCAs) are large over the
Mindanao dome and along the Philippine coast (Figures 8a
and 8d). Their spatial distribution shows a good agreement
with that explained by the first vertical mode, suggesting
that the first mode is by far the most important contribution
to the surface current variability (Figures 8b and 8e). The
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(top) EI Nifio composite of the meridional velocity (cm/s) averaged within a 2° longitude

band off the Philippine coast. (bottom) La Nifia composite of the meridional velocity (cm/s) averaged
within a 2° longitude band off the Philippine coast. Positive value indicates northward flow, and the
contour of zero velocity represents the NEC bifurcation.

largest variations associated with mode 2 occur near the
Philippine coast (Figures 8c and 8f) and are expected to
directly affect the meridional movement of the NEC bifur-
cation through variability of the western boundary current.

4. Interannual Variations
4.1. NEC Bifurcation Latitude

[24] Figure 9 shows the time series of the NEC bifurcation
latitude in the upper 522 m. Here, a 12-month running-mean
filter has been applied to remove the mean seasonal cycle. In
general, the NEC bifurcation latitude has a clear relationship
with ENSO. It shifts northward during El Nifio years (1982/
1983, 1986/1987, 1991/1992, 1997/1998) and southward
during La Nifia years (1984/1985, 1988/1989). Its vertical
distribution is quite similar to that of the seasonal variations.
To further demonstrate this correspondence, we also present
the composites of the zonally averaged meridional velocities
within a 2° longitude band from the Philippine coast for the

winters of El Nifio and La Nifia years (Figure 10). The NEC
bifurcation does not occur farther northward than 16°N in the
upper layers and becomes unrecognizable below 600 m
during winters of the La Nifa years, while it extends farther
northward and deeper during winters of El Nifio years.

[25] Figure 11 shows the correlation between the NEC
bifurcation latitude and the southern oscillation index (SOT)
at each level from lagged cross correlation analysis. It
reveals that the NEC bifurcation latitude varies in almost
the same phase as ENSO. They are highly correlated within
the main thermocline ranging from 75 m to 250 m in depth,
where the correlation reaches 0.85 with SOI leading the
NEC bifurcation latitude by 1 month. The cross correlation
between the SOI and the NEC bifurcation latitude also has a
relatively wide band and a vertically distributed pattern of
the negative coefficients (r > 0.6) centered on —1-month
lag and 150 m depth (Figure 11). The appearance of this
wide band with +3 months time lag, instead of a maximum
at a narrowly defined time lag, may be due to the fact that
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Figure 11. (left) Depth-lag (in month) section of the cross correlation between Southern Oscillation

Index (SOI) and NEC bifurcation latitude. (right) Vertical profile of 95% confidence band. The region of
the correlation greater than 0.6 is shaded. The contour interval (C.L.) is 0.1.

the center of wind-forcing area is located at different series of the depth-averaged NEC bifurcation latitude
longitude during different ENSO events [Qiu and Lukas, (Table 1). The positive peaks in the three time series appear
1996]. during the mature stage of El Niflo events (1982/1983,
1986/1987, 1991/1992, 1997/1998), whereas negative
4.2. Zonal Wind Stress (ZWS) and Layer Heat peaks appear during La Nifia (1984/1985, 1988/1989).
Storage (LHS) [28] The ZWS spatial pattern of the leading CSEOF mode
[26] To investigate the interannual variations in the NEC is characterized by westerly (easterly) anomalies in the
bifurcation latitude, cyclostationary empirical orthogonal central Pacific during the peak phase of El Nifio (La Nifia).
function (CSEOF) analysis, with its associated multimodal Figure 12b shows the spatial pattern (CSLV) for December.
regression analysis, is applied to the monthly OGCM  McPhaden et al. [1998] also reported that the ZWS anomaly
data. The main advantage of the CSEOF method, com- in the western and central Pacific is strongly associated with
pared to other EOF methods, is that it provides optimal ENSO variability. Figure 12a shows the interannual evolu-
monthly spatial patterns (instead of a single constant tion of the first CSEOF mode of the ZWS after removing
spatial pattern), whose amplitude varies interannually as the annual mean cycle. The spatial pattern of the first
a time series [Kim and North, 1997; Kim and Kim, 2002]. CSEOF mode shows typical ZWS patterns associated with
For example, Figure 12a shows the low-frequency ampli- ENSO. This pattern does not change significantly from
tude variations of the monthly spatial fields. There is a month to month, but becomes relatively stronger in winter
different field for each month. An example (for Decem- (Figure 12b). The ZWS anomaly in the North Pacific shows
ber) is shown in Figure 12b. There are ZWS fields for an anomalous anticyclone (cyclone) forced by westerlies
each month (not shown). This technique is somewhat (easterlies) in the northern part of the Philippine Sea and by
different from other conceptually similar tools such as easterlies (westerlies) in its southern part. Also, the ZWS
extended EOFs or complex EOFs. Details of the methods, anomaly field shows anomalous cyclonic circulation created
including multimodal regression analysis, are given in by westerlies in the equatorial central Pacific and by
Appendices A and B. easterlies in the central North Pacific. This is consistent
[27] We apply the CSEOF analysis to Pacific surface with wind stress anomalies associated with the Pacific-East
ZWS and LHS variability. We do this to relate the merid-  Asian teleconnection that bridges the warm (cold) events in
ional excursion of the NEC bifurcation latitude in the the eastern Pacific and an anomalous anticyclone (cyclone)
western Pacific to distinctive basin-scale ZWS and LHS located in the western North Pacific [Wang et al., 2000].
variability. The year-to-year evolutions of the leading They demonstrated that anomalous Philippine Sea anticy-
CSEOF modes, accounting for 31.8% and 26.2% of the clone occurs during the mature phase of warm ENSO
ZWS and LHS variability, respectively, are clearly related to  events. In the southern part of the Philippine anticyclone
ENSO (Figure 13), and they are both well correlated with  (cyclone), anomalous easterlies (westerlies) prevail in the
the normalized and band-pass filtered (2—7 years) time equatorial western Pacific and generate the eastern Pacific
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(a) First PC time series of the zonal wind stress (ZWS) anomaly, (b) first CSEOF mode of

the ZWS anomaly in December (10~7 N/m®), and (c) regressed layer heat storage (LHS) anomaly
obtained from multimodal regression analysis. Its temporal evolution follows the first PC time series of
the ZWS anomaly. The arrows in Figure 12b represent direction of anomalous wind circulation, which

forms an anomalous cyclone or anticyclone.

warming (cooling) by the eastward propagation of oceanic
equatorial upwelling (downwelling) Kelvin waves
[Boulanger and Menkes, 1999; Kim and Kim, 2002].

[29] The LHS anomaly patterns (Figure 12c) are
derived from multimodal regression analysis explained in
Appendix B. The spatial pattern of the LHS anomaly
associated with the ZWS anomaly is primarily the leading
mode of the LHS anomaly field, and explains about 89.4%
of the total ZWS variability (Table 2). This means that the
ZWS and LHS anomalies are closely connected. Large
variations of LHS in the western North Pacific are associ-
ated with basin-wide warming/cooling events related to the

ENSO. Northward movement of the NEC bifurcation lati-
tude is accompanied by a negative LHS anomaly in the
western North Pacific and a positive LHS anomaly in
eastern Pacific and equatorial regions. The anomalies result
from the propagation of the equatorial long waves [e.g.,
Wang et al., 1999; Kim and Kim, 2002]. The negative LHS
anomaly in the Philippine Sea in Figure 12c¢ is connected
with the anomalous Philippine Sea anticyclone shown in
Figure 12b. It is a Rossby wave response to the sea surface
cooling in the western North Pacific due to the warming in
the equatorial Pacific [Wang et al., 2000]. The thermocline
depth change in the western North Pacific tends to be in
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Figure 13. Band-pass filtered (2—7 years), normalized, and depth-averaged NEC bifurcation latitude
(solid line), the first PC time series of the zonal wind stress anomaly (dashed line), and the first PC time
series of the layer heat storage anomaly (dotted line).

phase with the equatorial eastern Pacific warming [Wang et
al., 1999], thereby changing the thermocline depth in the
Philippine Sea through the remotely forced Rossby waves.
As a result, the LHS anomaly changes occur in phase with
the Philippine Sea anomalous anticyclone [Wang et al.,
2000]. Therefore the westerly ZWS anomalies near the date
line and the anticyclone over the Philippine Sea allow a
regional negative LHS anomaly. This scenario is character-
istic when the NEC bifurcation latitude is located at its
northernmost position. Note that the ZWS forcing tends to
shift the NEC bifurcation in phase with the ENSO cycle as
found from lag correlation analysis between the NEC
bifurcation latitude and SOI (Figure 11).

[30] To show more details of how the spatial and the
interannual variability of the ZWS and LHS anomalies are
associated with the NEC bifurcation latitude variability,
ZWS and LHS anomalies are reconstructed from the first
CSLVs. Figures 14a and 14b show the longitude-time plot
of the reconstructed ZWS anomaly along the equator and
the reconstructed LHS anomaly along 15.5°N, respectively.
As expected, the extreme northward (southward) shifts in
the NEC bifurcation latitude (Figure 14c) correspond to
westerly (easterly) ZWS anomalies in the equatorial central
Pacific and negative (positive) LHS anomalies in the western
North Pacific. Westward propagation of LHS anomalies
associated with ENSO events can be also identified from
the region between ~125°E and ~180° (Figure 14b). During
the mature phase of El Niflo (La Nifia), strong negative
(positive) LHS anomalies at the western North Pacific cause
the NEC bifurcation to move to its northernmost (southern-
most) position.

4.3. Relation Between the NEC Bifurcation and
Transports

[31] The interannual variations of the NEC bifurcation
latitude and the transports of the NEC, the MC, and the
Kuroshio in the upper 522 m are compared in Figure 15.

Table 1. Correlation (Lag in Month) Among NEC BLA, WSA
PCTS, and LHSA PCTS?*

NEC BLA WSA PCTS LHSA PCTS
NEC BLA - 0.64 (0) 0.64 (—1)
WSA PCTS 0.64 (0) - 0.95 (0)
LHSA PCTS 0.64 (1) 0.95 (0) -

“For NEC BLA, WSA PCTS, and LHSA PCTS, refer to the caption of
Figure 12. The boldface and italic values indicate that the correlation is
99% and 95% significant, respectively.

Large transport and northward bifurcation latitude anoma-
lies are most prominent in the El Nifio years (1982/1983,
1986/1987, and 1997/1998). As the NEC bifurcation moves
northward during these events, more NEC water flows into
the MC. Conversely, large Kuroshio transport and south-
ward bifurcation latitude anomalies occur during La Nifa
years (1984/1985, 1988/1989, and 1996/1997). The corre-
lations among the time series in Figure 15 are generally
good, especially during the El Nifio. Phase delays between
them are in most cases shorter than 4 months (Table 3).

[32] The lag correlation between the model transports and
the NEC bifurcation latitude gives a more quantitative com-
parison between their interannual fluctuations (Figure 16a).
The NEC bifurcation latitude anomaly leads the transport
anomalies of the NEC, the MC, and the Kuroshio by about
2 months, 1 month, and 4 months, respectively.

[33] The correlation analysis between the NEC, MC, and
Kuroshio transports estimated from the high-resolution
model corroborates previous observations and model stud-
ies. For instance, the high correlation between the NEC and
the Kuroshio transports (Figure 16b) has previously been
reported [Yamagata et al., 1985; Qiu and Joyce, 1992; Qiu
and Lukas, 1996; Qu et al., 1998; Gilson and Roemmich,
2002]. Since the transport increases of the NEC near the
western boundary can be linked to the ENSO, the high
correlation between the NEC and the Kuroshio transports
suggests that some of the ENSO signals of the NEC

Table 2. Correlation Square Value (%) and Percent Variance (%)
Explained by Each Predictor Principle Component Time Series
(PCTS) in the Multimode Regression Analysis®

LHSA, Mode Number

= = 0 00 LN W —
=]
o

NO
=)
SN

“The first 10 normalized PCTS of the layer heat storage anomaly (LHSA)
field have been regressed on the first PCTS of the zonal wind stress
anomaly (ZWSA) field. The number in the left column represents the
LHSA mode number. The r* value is in boldface; percent variance is
italicized.
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Figure 14. Longitude-time plots of (a) ZWS anomaly mode along the equator, (b) regressed LHS
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Figure 15. Band-pass filtered (2—7 years), normalized, and depth-averaged NEC bifurcation latitude
(NEC BLA) (solid line), band-pass filtered (2—7 years), normalized NEC transport anomaly (NEC TA)
(long-dashed line), band-pass filtered (2—7 years), normalized Kuroshio transport anomaly (KC TA)
(short-dashed line), and band-pass filtered (2—7 years), normalized MC transport anomaly (MC TA) (dot-
dashed line). Here the NEC transport is in a section from 10°N to 18°N along 130°E. The MC transport is
from the coast to 130°E along 10°N and the Kuroshio transport is from the coast to 130°E along 18°N.
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Table 3. Correlation (Lag in Month) Among NEC BLA, NEC
TA, KC TA, and MC TA*®

NEC BLA  NEC TA KC TA MC TA
NEC BLA - 0.73 (=2) —083(=1)  0.54(-4)
NEC TA 0.73 (—2) - —0.77 (1) 0.93 (—1)
KC TA —0.83(—1) —0.77 (1) —0.54 (-3)
MC TA 0.54 (—=4) 093 (=1) —0.54(=3) -

“For NEC BLA, NEC TA, KC TA, and MC TA, refer to the caption of
Figure 15. The boldface and italic values indicate that the correlation is 99%
and 95% significant, respectively.

—— BL-NEC — - BL-KC
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penetrate into the midlatitude circulation through the Kur-
oshio, the western boundary current of the subtropical gyre.

5. Summary and Discussion

[34] Using data from a high-resolution OGCM, we inves-
tigated the seasonal and interannual variations of the NEC
bifurcation latitude in the Philippine Sea. The model data
show a good agreement with existing hydrographic observa-
tions and drifter measurements and have a reasonable repre-
sentation of low-latitude western boundary currents.

[35] In the model, the depth-averaged NEC bifurcates at
15.5°N on the annual average and is well defined in the
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Figure 16. (a) Cross correlations between NEC BLA and NEC TA (BL-NEC) (solid line), between

NEC BLA and KC TA (BL-KC) (long-dashed line)

, and between NEC BLA and MC TA (BL-MC)

(short-dashed line). (b) Cross correlations between NEC TA and KC TA (NEC-KC) (solid line), between

NEC TA and MC TA (NEC-MC) (long-dashed line),
dashed line).
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upper 500 m. With depth it varies from about 14.3°N near
the surface to about 16.6°N at around 500 m. During the
summer the bifurcation moves equatorward with a weak
poleward shift with depth, while poleward movement is
found in the winter. The seasonal variations of the upper
layer LHS are mainly due to local Ekman pumping and
westward propagation of the remotely forced Rossby
waves. The negative (positive) LHS anomalies caused by
the cyclonic (anticyclonic) wind stress curl in the Philippine
Sea make the northern branch of the cyclonic gyre circula-
tion shift to the north (south), and move the NEC bifurca-
tion latitude northward (southward). Furthermore, we find
that the Ekman drift associated with the northeast monsoon
pushes the NEC bifurcation southward more than 1° at the
surface, while its northward movement forced by the
southwest monsoon is relatively small.

[36] Vertical mode decomposition indicates that the NEC
bifurcation variation is governed mostly by the first two
vertical modes. For the first mode, the formation of an
anomalous circulation gyre is associated with the Ekman
pumping and westward propagating Rossby waves, and it
causes the NEC bifurcation to move meridionally. The
second mode shows that an anomalous circulation gyre at
around 150°E is propagating westward relatively slowly,
but it weakens rapidly when reaching the southern part of
the Philippine coast. The anomalous cyclonic gyre at the
coast moves northward from February to June, which can
make the NEC bifurcation migrate northward. However, at
the same time the larger anticyclonic gyre with positive
DHA in the first mode promotes a southward shift in the
NEC bifurcation latitude. In contrast, during the winter, a
cyclonic gyre at the northern part of the Philippine Sea
enhances the northward movement of the NEC bifurcation
due to the larger anomalous cyclonic gyre of the first
vertical mode. It is also worthwhile to mention that the
seasonal vertical slope change in the NEC bifurcation
latitude can be understood by the mutual interplay between
the first two vertical baroclinic modes.

[37] On the interannual timescale, the meridional migra-
tion of the NEC bifurcation latitude is well correlated to the
ENSO. Their maximum correlation occurs in the thermo-
cline and exceeds 0.8 in magnitude. The bifurcation occurs
at its northernmost position during El Niflo years and at its
southernmost position during La Nifia years. This variation
is related to upwelling (downwelling) Rossby waves gen-
erated by wind-forcings around the date line of the central
tropical Pacific.

[38] The interannual variability of the LHS in the tropical
Pacific has been extracted in association with the one
dominant mode of the sea surface ZWS through CSEOF
and multimodal regression analyses. The first mode of the
ZWS anomaly fields shows the temporal evolution of strong
westerlies in the equatorial central Pacific, the typical ZWS
anomaly patterns of ENSO. The ENSO-related interannual
fluctuations are captured in its temporal evolution. The
negative (positive) LHS anomalies in the western North
Pacific, which influence the NEC bifurcation, are well
accounted for by the Philippine Sea anticyclone (cyclone)
having the same phase with the ENSO warming (cooling) in
the equatorial Pacific. This supports that the NEC bifurca-
tion latitude varies in almost the same phase with ENSO
(Figure 11). The northernmost (southernmost) position in
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the NEC bifurcation latitude corresponds to the westerly
(easterly) ZWS anomalies in the central Pacific and the
negative (positive) LHS anomalies generated by the anom-
alous Philippine Sea anticyclone (cyclone).

[39] The interannual fluctuations of the NEC, the MC,
and the Kuroshio transports correspond very well with the
variation of the NEC bifurcation latitude. All extrema in
transports follow the mature phase of the warm and cold
episodes of ENSO. Large transports and northward shifts in
bifurcation latitude are found in El Nifio years. Minimum
transports and southward shifts in bifurcation latitude follow
the cold phase of ENSO (La Nifia). Variations in transport
of the NEC and the Kuroshio are well correlated with the
variation in the NEC bifurcation latitude, in general, imply-
ing that as the bifurcation shifts northward, the NEC and the
Kuroshio become stronger, while the MC transport is
relatively less affected. Correlation analysis also shows
the model transport variations are consistent with those
found by previous observations and model studies.

Appendix A: Cyclostationary Empirical
Orthogonal Function (CSEOF) Analysis

[40] Space-time data can be written in the form
T 0) =Y Tu(0) - Bu(i, 1),

where B,(t,t,) are cyclostationary loading vectors (CSLVs),
and T, (¢) are their corresponding principal component (PC)
time series. The time dependence of CSLVs constitutes an
essential difference of the CSEOF analysis from the regular
EOF analysis. The name cyclostationary comes from the
assumption that CSLVs are periodic in time

By, (t,1,) = By (1,1, +d),

where d is the nested period with the inherent time, ,.

[41] The CSLVs are time dependent within time ¢, be-
cause they are eigenfunctions of periodic and time-depen-
dent covariance statistics. An important point when
performing the CSEOF analysis is how to decide the nested
period, i.e., the inherent period of covariance statistics. On
the basis of the prominent annual cycle, in this study, the
nested period is assumed to be 12 months. CSLVs thus
represent temporal evolution of spatial patterns during the
nested period. The PC time series describe undulation of the
CSLVs at timescales larger than the nested period.

Appendix B: Multimodal Regression Analysis

[42] The matching spatial patterns of two physical vari-
ables are obtained via a multimodal regression analysis in
CSEOF space. Namely, one can solve a regression problem
between a target time series, 7, (¢), and predictor time series,
P, (9):

To(t) = cnP(t) +e(2).

For instance, 7, (f) denotes the PC time series of the ZWS
anomaly and P, (¢) are those of the LHS anomaly. A set of
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regression coefficients, «,,, are determined such that the
variance of regression error, (), is minimized. In this study,
only 10 CSLVs of the ZWS anomaly have been retained for
the analysis because they account for more than 90% of total
variability and each of the truncated modes explains less than
3% of total variability. The inclusion of more modes does not
affect the overall pattern and magnitude. Once the regression
coefficients are determined, the spatial pattern of the LHS
anomaly evolving together with the ZWS anomaly is given
by

Preg (f', lp) = Z OB (;.7 tp)7
m

where B, (7, t,) are the CSLVs of the predictor variable.
More detailed discussion of the regression analysis is given
by Kim and Kim [2002].
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