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Abstract The dynamics of the poleward shift of the Pacific North Equatorial Current bifurcation latitude
(NBL) is studied using a 5.5‐layer reduced gravity model. It is found that the poleward shift of the NBL is
associated with the asymmetric intensity of the wind stress curl input to the Pacific tropical and subtropical
gyres. Stronger wind stress curl in the subtropical gyre leads to equatorward transport in the interior upper
ocean across the boundary between the two gyres, causing a poleward transport compensation at the
western boundary. In the lower layer ocean, in turn, there is poleward (equatorward) transport at the
interior (western boundary) due to Sverdrup balance which requires zero transport at the gyre boundary
where zonally integrated wind stress curl is zero. Therefore, the NBL exhibits a titling feature, with its
position being more equatorward in the upper layer and more poleward in the lower layer. The equatorial
currents bifurcations in other basins are also characterized by the poleward titling vertical structure. The
wind stress curl over the subtropical gyre is generally stronger than that over the tropical gyre, resulting in
the bifurcations shifting poleward with increasing depth.

Plain Language Summary The bifurcation latitude of the North Equatorial Current bifurcation
latitude (NBL) in the Pacific can be regarded as the boundary of the tropical and subtropical gyres. It also
serves as the origin of the western boundary currents, the Kuroshio and the Mindanao Current, which are of
great importance to mass and heat transport. Based on observations, it is found that the bifurcation shifts
poleward with increasing depth in the upper ocean above the main thermocline. In this study, we show that
the NBL tilting is induced by the asymmetric intensity of the wind stress curl input to the Pacific tropical and
subtropical gyres. In a multilayered ocean model in which the wind stress curl over the subtropical gyre is
stronger than that over the tropical gyre, there is anomalous equatorward (poleward) transport in the upper
(lower) layer of the interior ocean. The anomalous interior transport requires poleward (equatorward)
transport at the western boundary due to mass compensation, which is manifested as the bifurcation moves
toward the tropical (subtropical) gyre in the upper (lower) layer ocean. Therefore, the NBL shifts poleward
with increasing depth.

1. Introduction

The wind‐driven components of the tropical Northwestern Pacific Ocean circulation system include the
North Equatorial Current (NEC), the Kuroshio Current (KC), and the Mindanao Current (MC). Driven by
the Pacific trade winds, the NEC is a quasi‐steady westward current (Qu et al., 1998; Qu & Lukas, 2003;
Toole et al., 1990), which bifurcates to form the southward flowing MC and the northward flowing KC as
it encounters the Philippine coast (Nitani, 1972). It is believed that to some extent, the meridional movement
of the NEC bifurcation latitude (NBL) determines the flow distribution of NEC, which has the potentials to
play a vital role in local climate and western Pacific warm pool evolution (Kim et al., 2004; Qiu & Chen,
2010). In addition, the NBL also serves as the boundary between the Pacific subtropical gyre and tropical
gyre, which is a good indicator of the meridional migration of the gyre‐scale interactions (Qu, 2002).

The classic Sverdrup theory predicts that the Pacific NBL should lie at about 14.6 °N, where the basin‐
scale zonally integrated wind stress curl is generally zero (Sverdrup, 1947), and the theory is also true
for the stratified ocean as we focus on the upper‐layer ocean above the main thermocline (Welander,
1968). In the real ocean, however, the NBL is not vertically distributed, but characterized by the shift with
increasing depth from 13.5 °N at the surface to farther north within and below the main thermocline
(e.g., Qu, 2002; Qu et al., 1998; Qu & Lukas, 2003; Toole et al., 1990). Nitani (1972) first reported the
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northward shift feature of the NBL, followed by more observational evidences based on geostrophic cal-
culations using Levitus and World Ocean Atlas 2013 climatology (Locarnini et al., 2013; Zweng et al.,
2013). In particular, Qu et al. (1998) showed that the NBL exhibits northward shift with increasing depth
from about 13.5 °N at the surface to 18 °N at about 500 dbar. Subsequent studies suggested that the NBL
occurs at about 14 °N near the surface, and it extends north of 20 °N in the upper intermediate layers
(Qu, 2002; Qu & Lukas, 2003).

Except for observational approaches toward describing the northward shift of the NBL, this feature can be
also captured by numerical models in recent works. Results from a high‐resolution ocean general circulation
model indicate that the NBL varies from 14.3 °N near the surface to 16.6 °N at around 500 m, which shows
good agreement with previous hydrographic observations (Kim et al., 2004). A recent study by Jensen (2011)
using a 4.5‐layer reduced gravity model also found the poleward shift of the NBL given a stratification close
to the observed, which means the poleward shift of the NBL from upper to lower ocean can be realistically
reproduced in a simplified layered model.

With respect to the dynamical cause of this feature, Reid and Arthur (1975) attributed the vertical structure
of the NBL to the poleward contraction of the subtropical gyre on denser waters. From the perspective of
potential vorticity conservation, Toole et al. (1990) argued that the balance between changes in planetary
vorticity and layer thickness should account for the NBL shift with increasing depth. In addition to the mean
state, the vertical structure of the NBL also experiences significant seasonal variations (e.g., Chen & Wu,
2011; Kim et al., 2004; Qu & Lukas, 2003; Wang &Hu, 2006). Both observational andmodel results indicated
the NBL moves equatorward with a weak poleward shift with depth in summer, while strong poleward shift
occurs in winter (see Figures 11 and 14 of Qu & Lukas, 2003; Figure 4 of Kim et al., 2004). Although the ver-
tical characteristic of the NBL as well as its seasonal variation was adequately revealed and simulated, the
causes of these features are still not fully understood.

Motivated by the previous modelling work by Jensen (2011) who employed a purely wind‐driven model and
the success in reproducing the mean and seasonal cycle of the NEC bifurcation, we try to investigate the
cause of the poleward shift of the NBL following his multilayer reduced gravity ocean model. This paper
is organized as follows: Section 2 describes the data and model used in this study, followed by a series of
boxmodel experiments in section 3. In section 4, the causes of the NBL poleward shift are discussed in detail.
The poleward shift of the bifurcations in global oceans will be discussed in section 5. Section 6 provides sum-
mary and further discussions.

2. Data and Model
2.1. Data

The World Ocean Atlas 2013 (Locarnini et al., 2013; Zweng et al., 2013) is used to construct the density field
prescribed for the model. The Estimating the Circulation and Climate of the Ocean, Phase II (ECCO2, 1992–
2016; Menemenlis et al., 2008) and the European Centre for MediumRange Forecast Ocean ReAnalysis Pilot
5 (ECMWFORAP5, 1979–2013; Zuo et al., 2017) are used to calculate the NEC bifurcation off the Philippine
coast. Both of these two data sets provide monthly zonal and meridional velocities with high spatial resolu-
tion (0.25° × 0.25°) to adequately depict the low‐latitude western boundary currents. Considering the NEC
mainly located in the upper ocean, we only use the upper 400‐m velocities in these data sets. In addition, the
climatological ECCO2 wind stress, the European Centre for Medium‐Range Weather Forecasts (ECMWF)
ERA‐Interim reanalysis wind stress (1979–2017) with 0.25° × 0.25° resolution (Berrisford et al., 2009), the
Florida State University (FSU) wind stress (1978–2003) with 1° × 1° resolution (Bourassa et al., 2005; Qiu
& Lukas, 1996) and the climatological National Centers for Environmental Prediction (1° × 1° resolution;
Kalnay et al., 1996) are used to force the models in this study.

In the western North Pacific near the Philippine coast, the NEC (Figure 1a), KC, and MC (Figure 1b) mainly
concentrated upon the upper‐layer ocean above the 12 °C isotherm that is conventionally used in previous
studies (e.g., Qiu & Chen, 2012). The NBL in ECCO2 exhibits the northward shift with increasing depth from
about 13 °N at the surface to 16 °N at about 400 m. The ECMWF ORAP5 shares the same vertical structure
(not shown).
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2.2. The Model

In this study, numerical experiments are performed using a 5.5‐layer reduced gravity model based on the
multilayer upper‐ocean model developed by Jensen (1991, 1993). The governing equations for this model
are as follows:

duj
dt

−fvj ¼ ‐ ∑
5

i¼j
g′i6

∂hi
∂x

þ 1−δ1;j
� �

∑
j−1

i¼1
g′j6

∂hi
∂x

 !
þ Tx

j

ρ0hj
þ Ah ∇2uj þ 1−δ5;j

� �Wjujþ1

Hjþ1
− 1−δ1;j
� �Wj−1uj

Hj
(1a)

dvj
dt

þ fuj ¼ ‐ ∑
5

i¼j
g′i6

∂hi
∂y

þ 1−δ1;j
� �

∑
j−1

i¼1
g′j6

∂hi
∂y

 !
þ Ty

j

ρ0hj
þ Ah ∇2vj þ 1−δ5;j

� �Wjvjþ1

Hjþ1
− 1−δ1;j
� �Wj−1vj

Hj
(1b)

∂hj
∂t

þ ∂ hjuj
� �
∂x

þ ∂ hjvj
� �
∂y

¼ 1−δ5;j
� �

Wj− 1−δ1;j
� �

Wj−1 (2)

where subscript j demotes layer number that changes from 1 to 5, u and v are the zonal and meridional

Figure 1. (a) Mean latitude‐depth section of zonal velocity (color shading) and temperature (dashed lines) along 130 °E
from ECCO2 (1992–2016). (b) Mean latitude‐depth section of meridional velocity (color shading) averaged in the 2°
longitude bands east of Philippine coast and solid black lines denote the zero velocity contours. The horizontal green line
is the initial layers thickness of the reduced gravity model.
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velocities, h represents the perturbation of layer thickness of each layer, ρ0 is the reference density, Ah is the
lateral eddy viscosity, and δi, j is the delta function. The reduced gravity g' in each layer is defined as follows:

g′j6 ¼ g
ρ6−ρj
� �

ρ0
(3)

and Tx and Ty are the stresses between adjacent layers,

Tx
j ¼ δ1;jτxw þ 1−δ1;j

� �
τxj−1;j− 1−δ5;j

� �
τxj;jþ1 (4a)

Ty
j ¼ δ1;jτyw þ 1−δ1;j

� �
τyj−1;j− 1−δ5;j

� �
τyj;jþ1 (4b)

In equations (4a) and (4b), τxw and τyw are the zonal and meridional stresses that only act on the first layer,
while τxj, j+1 and τyj, j+1 are the zonal and meridional frictions between layer j and layer j + 1. To prevent the
interface from surfacing, the entrainment and detrainment term Wj is adopted (see the Appendix A).

The governing equations are discretized onto C grid using second‐order centered finite differences in space
andMatsuno forward‐backward scheme in time (Matsuno, 1966). Themodel domain covers themain part of
the Pacific Ocean (100 °E–70 °W, 20 °S–35 °N) with horizontal resolution of 0.25°. Marginal seas shallower
than 600 m are treated as land, and all the islands in the interior of ocean are neglected. The initial layer
thicknesses of the five active layers are 80, 120, 200, 200, and 300 m, which are consistent with previous
model studies (Jensen, 2011; Qu et al., 1998). Based on the density derived fromWOA 2013 in the NEC bifur-
cation region, we obtained the density stratification whose sigma‐theta levels are constant in each isopycnal
layer. Here the sigma‐theta levels are chosen to be 23.9, 25.5, 26.5, 26.9, 27.2, and 27.7, respectively. To main-
tain a realistic layer thickness in each layer, we set the minimum layer thickness 40, 60, 100, 100, and 150 m
and the maximum layer thickness 120, 180, 300, 300, and 450 m. As mentioned above, there will be entrain-
ment (detrainment) if the layer thickness is thinner (thicker) than the prescribed minimum (maximum)
thickness. No normal flow and no‐slip boundary conditions are employed along the lateral boundary.

Figure 2. (a) Sea surface height anomaly displacement after 100 years spin‐up driven by Florida State University wind stress. (b) Mean dynamic topography from
AVISO surface. AVISO = Archiving, Validation, and Interpretation of Satellite Oceanographic.
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2.3. Model Performance

Before calculating the modelled bifurcation that is confined to the western boundary, it is beneficial to first
examine the capability of simulating the broad scale circulation using this multilayer model. Here we
derived the baroclinic sea surface height η from model output, which is defined as (Jensen, 2011)

η ¼ ∑
5

i¼1

ρ6−ρi
ρ6

Hi−H0ið Þ (5)

whereHi is the layer thickness andH0i is the initial layer thickness at rest (e.g., Jensen, 2001, 2003, 2011). It is
shown in Figure 2 that the sea surface height anomaly resembles the pattern observed by the Archiving,
Validation, and Interpretation of Satellite Oceanographic mean dynamic topography (Rio et al., 2011),
implying that the layered reducedmodel is capable of reproducing the overall pattern of the tropical and sub-
tropical gyre in the North Pacific as well as the low‐latitude western boundary current system.

Figure 1 has shown that the NEC, KC, and MC mainly focus on the upper three layers covering the upper
400 m. Figure 3 shows the modeled NBL in the upper three layers and the vertical structure of the NBL
obtained from two reanalysis/assimilation data sets (ECCO2 and ECMWFORAP5). The bifurcation latitude
is conventionally defined as the latitudinal position where the averaged meridional flow within 2° band off
the Philippine coast is zero. It is shown that the bifurcation generally shifts toward the north with increasing
depth from 13 °N near the surface to 16 °N at 400 m, which is close to reanalysis/assimilation data sets and
previous studies (Kim et al., 2004; Qu, 2002; Qu & Lukas, 2003). Compared to the reanalysis/assimilation
results, the modelled poleward tilt of the NBL in upper three layers is relatively weak, which may be

Figure 3. Vertical distribution of North Equatorial Current bifurcation latitude in different assimilation data (color lines), mean of all data mentioned above (black
line). Modeled North Equatorial Current bifurcation latitude position in each layer driven by FSU (purple dot), NCEP (green dot), ECCO2 (blue dot) and ECMWF
ERA‐Interim (red dot). ECMWF ORAP5 = European Centre for Medium Range Forecast Ocean ReAnalysis Pilot 5; ECCO2 = Estimating the Circulation and
Climate of the Ocean, Phase II; FSU = Florida State University; NCEP = National Centers for Environmental Prediction.
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attributed to the absence of thermo‐dynamics in the model. Even though the discrepancy between model
results and reanalysis/assimilation products is significant, it will not pose a serious problem in depicting
the overall pattern of its vertical feature. In general, the vertical structure of the NBL can be adequately
simulated in 5.5‐layer reduced gravity model.

3. Box Model Experiments

It has demonstrated in section 2 that the 5.5‐layer reduced gravity model can well simulate the basin‐scale
circulation and the NEC bifurcation. Since the coastline shape plays a minor role in regulating the NBL
(Jensen, 2011), it is straightforward to employ a simplified box model to explore the dynamical mechanism
of NBL poleward shift.

The east‐west span of the box model is 120°, which is close to the basin width of the low‐latitude Pacific
Ocean. The south‐north span of the box model is 30°, representing the meridional span 0‐30 °N. For sim-
plicity, the β‐plane approximation is adopted, with the reference latitude being 15 °N. In the box model,
we only apply the wind stress in zonal direction. In addition, the wind stress and wind stress curl are set
zonally uniform considering the quasi‐zonal structure of wind stress in the North Pacific (Figure 4a). It is
also shown in Figure 4b that the zonally averaged wind stress curl over the subtropical gyre is stronger
than that over the tropical gyre, and we presume that the different intensity of the wind stress forcing
should account for the poleward shift of the NBL. As will be shown latter, the asymmetry of the wind
field is key to determine the NBL vertical structure. Other model parameters are same with the model in
section 2.

To test the potential role of asymmetric wind forcing in determining the vertical titling of NBL, we
designed three parallel experiments: EXP‐A, EXP‐B, and EXP‐C. The wind stress curl in the subtropical
gyre is set to be the same in three experiments, whereas the amplitude of wind stress curl in the tropical
gyre is set to be as same, half, and twice as that in the subtropical gyre in EXP‐A, EXP‐B, and EXP‐C,
respectively (equation (6) and Figure 5), where y is latitude, A = 0.015 is the amplitude of the wind stress
in equation (6).

τxw ¼

A×cos
π
15
×y

� �
; y ¼ 0∼15°Nð Þ EXP‐A

A
2
× cos

π
15
×y

� �
−
A
2
; y ¼ 0∼15°Nð Þ EXP‐B

2A× cos
π
15
×y

� �
þ A; y ¼ 0∼15°Nð Þ EXP‐C

A× cos
π
15
×y

� �
; y ¼ 15°N∼30°Nð Þ

8>>>>>>>>><>>>>>>>>>:
(6)

It is shown in Figure 5a3 that the modelled NBL is vertically uniform, basically coincided with 15 °N where
the zero line of wind stress curl locates. Compared to EXP‐A, the vertical structure of the modelled NBL in

Figure 4. (a)Wind stress curl of FSUwind stress (color shading) and zero line of wind stress curl (solid lines). (b) Zonally integrated wind stress curl as a function of
latitude.
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the following two experiments are characterized by opposite tilting with increasing depth. In EXP‐B
(Figure 5b3), the NEC bifurcates at 13.8 °N in the first layer (50 m) and 15.6 °N in the deepest layer (750
m), which is identical to the realistic model run (Figure 3). Conversely, the bifurcation in EXP‐C
(Figure 5c3) locates at 15.5 °N in the first layer (40 m) and shifts to 14.2 °N in the deepest layer (770 m).
The different vertical structures of the NBL in three experiments imply a potential role of relative
magnitude of wind stress curl over subtropical/tropical gyres. In other words, the poleward (equatorward)
shift of NBL with increasing depth corresponds to the relatively stronger (weaker) intensity of wind stress

Figure 5. Meridional distribution of (a‐1) zonal wind stress and (a‐2) wind stress curl in EXP‐A. (b‐1 and c‐1) and (b‐2 and c‐2), same as (a‐1) and (a‐2) but for zonal
wind stress and wind stress curl in EXP‐B and EXP‐C. (a‐3) Meridional velocity averaged in the 2° longitude bands (color shading) derived from EXP‐A, the solid
line indicates the bifurcation, and the dashed line denotes the gyre boundary (15 °N). (b‐3 and c‐3) Same as (a‐3) but for results in EXP‐B and EXP‐C.
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curl over the subtropical (tropical) gyre (Figure 5). In the following part, we will test this relationship by
successively changing the relative magnitude of wind stress curl over the two gyres.

Consistent with the wind forcing in EXP‐B and EXP‐C, the intensity of the wind stress over the tropical gyre
is artificially set in the following sensitivity experiments (Figure 6), so that the wind stress curl over the tro-
pical gyre increases gradually from 10% to 200% of that over the subtropical gyre. Like the realistic model run
in last section, all these experiments are spun‐up for 100 years spin‐up to reach the steady state.

τxw ¼
i
10
×A× cos

π
15
×y

� �
þ i−10

10
×A; y ¼ 0e15°Nð Þ

A× cos
π
15
×y

� �
; y ¼ 15°Ne30°Nð Þ

8><>: (7)

where y and A are the same as that in equation (6). The subscript i denotes the ith run from EXP 1 to EXP 20
(Figure 6).

To better illustrate the relationship between the wind forcing and the NBL vertical tilting, we define the
asymmetry index for mean circulation and wind forcing as follows:

δψ ¼ max ψTGj jð Þ−max ψSGj jð Þð Þ=max ψSGj jð Þ (8)

δcurl ¼ ∬
TG

curl

���� ����− ∬
SG

curl

���� ����� �
= ∬

SG
curl

���� ���� (9)

where the subscript SG and TG denote the subtropical gyre and tropical gyre, respectively. According to
equations (8) and (9), δψ describes the relative intensity of the streamfunction between the tropical and sub-
tropical gyre (Chang et al., 2001; Sun et al., 2013), which characterize the gyre‐scale asymmetry of the mean

Figure 6. (a) Zonal wind stress and (b) wind stress curl in EXP 1 to 20.
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circulation. Similarly, we also define δcurl as the relative intensity of the wind stress curl between the tropical
and subtropical gyre. If δψ equals to zero, the intensity of circulation in the subtropical is the same as that in
the tropical gyre. With the increasing of δψ, the circulation of two gyres becomes more asymmetric
(Figure 7a). In particular, a stronger wind stress curl over the subtropical gyre leads to a more enhanced
western boundary current of the subtropical gyre (e.g., Kuroshio in the North Pacific or East Australian
Current in the South Pacific). This relationship between wind and circulation holds for all five layers in
the sensitivity experiments.

We also compared the evolution of the NBL versus δψ in each layer in Figure 7b. It is found that the linear
correlation between the NBL migration and circulation asymmetry is positive in upper three layers, indicat-
ing a significant positive relationship between the tropical circulation intensity and northward migration of
the bifurcation. However, the NBL migration in the lower two layers exhibits an opposite relationship but is
not as prominent as the upper layers.

We further calculated the tilt of the bifurcation in terms of latitude deviation. It is demonstrated that the shift
of the NBL is generally determined by the relative intensity of wind stress curl over the two gyres (Figure 7c).
In other words, strong poleward shift of the NBL with increasing depth is always accompanied by relatively
strong wind stress curl input to the subtropical gyre. Next, we will explain the controlling dynamics behind
this phenomenon.

4. Cause of Poleward Shift of Modeled NBL

As revealed in the last section, the NBL vertical distribution shows a remarkable relationship between the
wind stress curl andmean circulation in the western boundary (recall Figures 5 and 7). Sverdrup theory indi-
cates that the strength of western boundary current is compensated by total meridional transport in the
interior ocean, which is determined by the wind stress curl across the entire basin.

With symmetric wind stress curl in the tropical and subtropical gyre, the NBL shows vertically uniform dis-
tribution (EXP‐A), and the meridional transport across the gyre boundary
is close to zero. Taking the symmetric experiment (EXP‐A) as the refer-
ence experiment, we calculated the anomalous transports of EXP‐B/C at
15 °N (Table 1). In the upper layers, particularly for layers 1 and 2, there
is a prominent anomalous southward (northward) transport in EXP‐B
(EXP‐C) in the interior ocean, while the lower layers show opposite anom-
aly in the two experiments. This feature is somewhat analogous to those
proposed by a recent study by Yang (2015).

Figure 7. (a) Scatterplot of the wind stress curl difference in terms of δcurl and modeled gyre‐scale circulation difference in terms of δψ. (b) Same as (a) but for the
modeled NBL and δψ. The dashed lines are linear fittings. (c) The normalized NBL slope as a function of δcurl. The colors represent experiments from 1 to 20 as
shown in Figure 6. NBL = North Equatorial Current bifurcation latitude.

Table 1
The Anomalous Meridional Transports (Sv.) in Each Layer Calculated in
Ocean Interior at 15 °N and the Mean Transport of EXP‐A Has
Been Subtracted

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

EXP‐B −2.03 −0.96 0.09 0.37 0.53
EXP‐C 0.86 1.77 −1.07 −1.23 −1.49
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With respect to the western boundary, as we can see from Figure 5b3, there is northward (southward) trans-
port anomaly across 15 °N in upper (lower) layers, which compensate the interior flow due to mass conser-
vation. The NBL in the upper (lower) layers, therefore, shift southward (northward) in EXP‐B and vice versa
for EXP‐C.

The anomalous meridional transport in each layer readily links the western boundary current transport
anomaly with different scenario of wind stress forcing over two gyres. We show in Figure 8 the schematic
for the dynamic mechanism of the vertical structure of NBL. When the wind stress curl over the subtropical
gyre is stronger than that over the tropical gyre, there is anomalous southward (northward) transport in the
upper (lower) interior ocean, resulting in anomalous northward (southward) transport at the upper (lower)
western boundary. In this sense, the anomalous western boundary currents are manifested as equatorward
(poleward) migration of the NBL in the upper (lower) layer, showing the poleward shift of NBL with increas-
ing depth (Figure 8b). This explanation also holds for the case when the wind stress curl is stronger in the
tropical gyre (Figure 8c).

The relationship between the NBL shift and wind forcing can be revealed in terms of energy balance as well.
Diagnosing the outputs from previous 20 sensitivity runs, we found in Figure 9a that there is strong relation-
ship between wind stress curl asymmetry (δcurl) and asymmetric energy input to respective gyres (δE; see
Appendix B for more details). Further examination of energy budget suggests that for the steady state of
the ocean circulation, the energy input from the wind is balanced by lateral dissipation.

Although the total energy is conserved over the whole basin, the spatial distribution of lateral dissipation is
uneven.We then calculated the accumulated lateral dissipation from the western to eastern boundary, and it
is shown in Figure 9b that the dissipation within the western boundary accounts for about 90% of the total
energy dissipation. In this regard, it is reasonable to relate the lateral dissipation intensity along the western
boundary with the energy input from the wind. For the cases above, a strong gyre‐scale circulation requires

Figure 8. The schematics of the response of interior/western boundary transport to wind stress curl asymmetry in (a) EXP‐A, (b) EXP‐B, and (c) EXP‐C. The circles
denote wind stress curl, the black arrows are anomalous transports across 15 °N, and the pink lines represent the North Equatorial Current bifurcation latitude.
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an elongated western boundary current for sufficient dissipations, which is manifested as western boundary
current intrusions to the other gyre. Therefore, the bifurcation latitude in the upper layer shifts to the weaker
side of the gyre rather than locating at the zero line of zonally integrated wind stress curl.

5. Bifurcations in Global Oceans

The NEC and South Equatorial Current (SEC) bifurcations are universal in low‐latitude oceans and their
vertical structures share the same feature, i.e., poleward titling bifurcation with increasing depth
(Figure 10). In the southern hemisphere, for example, the Atlantic South Equatorial Current (ASEC) bifur-
cates into the North Brazil Undercurrent to the north and Brazil Current to the north. Observations and
modelling studies suggest that the ASEC bifurcation occurs 10–14 °S near the surface, shifts poleward with
increasing depth, and reaches 27 °S at 1,000 m (Rodrigues et al., 2007). Compare to the large south‐north
extent of the bifurcation, the Indian South Equatorial Current (ISEC) bifurcation off the Madagascar coast
shifts from 17.5 °S at the surface to 19 °S at 400 m, with its depth mean position at 18.1 °S (Chen et al.,
2014). As a counterpart of the NEC bifurcation in the North Pacific, the Pacific South Equatorial Current
(PSEC) bifurcation locates just north of 16 °S at the surface and near 22 °S at 800 m (Chen & Wu, 2015;
McCreary et al., 2007).

Since all of these bifurcations are characterized by poleward shift with increasing depth, it is helpful to
further examine the wind stress curl over two gyres of each basin. It is shown in Figure 10 that the intensity
of wind stress curl on both sides of zero curl lines are asymmetrically distributed, where wind stress curl over
the subtropical gyre is much stronger than the tropical gyre. We also highlight the intensity difference of
wind stress curl between two gyres in determining the degree of tilting. Here we define the wind stress curl
ratio (rcurl) as the ratio of wind stress curl intensity of the subtropical gyre to the tropical gyre. In the same
way, we calculated the bifurcation latitude slope (s) to demonstrate the degree of tilting. In ECCO2, the
strongest asymmetric wind stress curl occurs in South Atlantic with a ratio of 6.69, and its bifurcation lati-
tude slope is the most prominent as well (34 × 10−3 °/m). In the Pacific basins, the wind stress curl ratio
in the North (South) Pacific is 2.85 (2.97) with the bifurcation slope 7.3 × 10−3 °/m (9.0 × 10−3 °/m). For
the bifurcation in the Indian Ocean where SEC splits off the Madagascar coast, the slope is only 5.3 ×
10−3 °/m which is probably due to the small ratio (2.74; Table 2). The overall results are basically in accord
with our findings that the wind stress curl ratio determines the level of bifurcation shift. The relationship
between wind forcing and bifurcation tilting can be also found in ECMWF‐ORAP5.

Figure 9. (a) Relationship between normalized wind stress curl difference in terms of δcurl and gyre‐scale energy input δE. (b) Normalized meridional lateral dis-
sipation integrated from the western boundary to each longitude, and the results are averaged from the 20 experiments.
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6. Summary and Discussions

In this study, we have investigated the vertical structure of the NEC bifurcation off the Philippine coast. The
NEC bifurcation exhibits a poleward tilting with increasing depth, and it shifts from 13.1 °N at surface to 16.4
°N at 500 m. Model experiments using a 5.5‐layer, nonlinear, reduced gravity, primitive equation model sug-
gest that the poleward shift of the NEC bifurcation is associated with the asymmetric intensity of wind for-
cing over the subtropical and tropical gyre.

We found in this study that the wind stress curl asymmetry is of great importance in determining the NBL
poleward tilting. If the two gyres are forced by the wind stress curl with comparable intensity, the bifurcation
in the model will be independent of layers. If the wind stress curl over the two gyres is significantly asymme-
trically distributed, there will be an anomalous transport to the weak side of gyre in the upper layers. To
compensate the anomalous transport in ocean interior, there is an opposite transport anomaly at the western
boundary. Therefore, the modelled bifurcation in the upper layers would shift toward the weaker side of
gyre, and the NBL will be characterized by the poleward shift feature.

In terms of energy balance, we found that the energy input from the wind is mainly balanced by the lateral
dissipation at the western boundary. In the upper layers, a stronger
gyre needs more lateral dissipation to balance the energy input from
the winds, so that the bifurcation latitude shifts to the weaker side to
elongate the flow path of the western boundary current.

The above box experiments are all based on a constant β value (β
plane with reference value being fixed at 15 °N), which means the
interior Sverdrup transport is linearly correlated with the wind stress
curl. For nonconstant β value, we have conducted an additional
experiment forced by symmetric wind with real β value and found
that the NBL has a slight tilting (not shown). This can be easily
understood that β decreases toward the pole, and the interior trans-
port response to wind forcing is slightly different. In other words,
the variation of β value imposes nonnegligible impact on the NBL

Figure 10. (a) Mean latitude‐depth section of meridional velocity (color shading) averaged in the 2° longitude bands east of Madagascar coast and solid black lines
denote the zero velocity contours. (e) Zonally integrated wind stress curl over the Indian Ocean as a function of latitude. (b–d) Same as (a) but for the North Pacific,
South Pacific, and South Atlantic. (f–h) Same as (e) but for the North Pacific, South Pacific, and South Atlantic.

Table 2
The Wind Stress Curl Intensity Ratio and the Bifurcation Slope

ECCO2 ECMWF ORAP5

rcurl s (×10−3°/m) rcurl s (×10−3°/m)
NP 2.85 7.3 2.82 8.5
SA 6.69 34 5.90 30
SI 2.74 5.3 2.70 7.3
SP 2.97 9.0 2.95 9.1

Note. Table 2 contains wind stress curl intensity ratio and bifurcation slope of
North Pacific (NP), South Atlantic (SA), South Indian Ocean (SI), and South
Pacific (SP) in ECCO2 and ECMWF ORAP5.
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vertical distribution structure; nevertheless, it is still incomparable to the asymmetric external wind forcing.

The poleward shift of the bifurcation as well as the upstream equatorial currents can also be understood in
terms of beta spiral theory (Stommel & Schott, 1977). In the subtropical North Pacific, the Ekman flux has a
nonzero divergence that pushes a downward motion in the subtropical basin, which leads to a right‐hand
spiral structure. Since the westward NEC is the boundary between subtropical gyre and tropical gyre, there
should be a right‐hand spiral with increasing depth. The spiral results in the poleward contraction of subtro-
pical gyre over denser water (Reid & Arthur, 1975), which is manifested as the poleward shift of bifurcation
latitude (gyre boundary) with increasing depth. However, this argument seems valid only for the interior
ocean, and its validations at the western boundary need further discussions.

Another issue we should address here is the modelled undercurrents. For example, the Luzon Undercurrent
(LUC) and Mindanao Undercurrent (MUC) are import components of the equatorial currents in the
Northwestern Tropical Pacific Ocean, and they have been shown to be dynamically important to the
three‐dimensional circulations (Hu et al., 2013; Hu & Cui, 1989). In the last two decades, there are plenty
of researches focusing on the dynamic mechanism of their origins (Chiang & Qu, 2013; Wang & Hu,
2012; Zhang et al., 2014). Although we have successfully reproduced the KC and MC and associated NBL
in our multilayered model, the currents like LUC and MUC beneath them are not adequately captured.
The model is highly simplified and lacks of sufficient physical processes, so we believe that the undercur-
rents cannot be modelled. But it would be interesting for future researches to investigate the LUC and
MUC by adding more physical processes in our model.

There are many factors that account for the poleward shifting of the bifurcation. We admit that it is not suf-
ficient to get a full picture of the bifurcation from the purely wind‐driven layered model with other processes
like buoyancy forcing absent in the model. What's more, we only focused on the time‐averaged structure of
the circulation and the associated bifurcation in this study, and we have not discussed the temporal varia-
tions of the bifurcation and its vertical structure. This issue will be addressed in the following study, in par-
ticular, the adjustment processes need to be clarified in detail.

Appendix A: Entrainment and Detrainment Terms in the Model
The term Wj in equations (1a) and (1b) denotes the entrainment and detrainment between layer j and
layer j + 1.

Wj ¼ wej;jþ1 þ wdj;jþ1 (A1)

wej;jþ1 ¼
He−hj
� �2

teHe
; hj<He

0 ; hj≥He

8><>: (A2)

In equation (A2),wej, j+1 is defined as the entrainment in the model (McCreary & Kundu, 1988, 1989), which
makes good physical sense and prevents the interface from surfacing. It should be noted that the entrain-
ment only occurs when hj < He, where He is a minimum value that was prescribed in each layer. As long
as hj <He, wewill increase parabolically toward a maximum value ofHe/te, where te is the entrainment time
scale to ensure that the interface between layers dose not surface (McCreary &Kundu, 1988). The converse is
seen when the layer thickness becoming larger than Hd, a detrainment constraint is also applied that is
expressed the same as the entrainment term (Jensen, 2001)

wdj;jþ1 ¼ −
hj−Hd
� �2

tdHd
; hj>Hd

0 ; hj≤Hd

8><>: (A3)

According to equation (A3), the detrainment only exists when hj > Hd. It is found that the entrainment and
detrainment terms are necessary conditions for model stability through a series of model tests and they will
not be addressed in present study.
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Appendix B: Energy Equation
We define the asymmetry of energy input to respective gyres as follows:

δE ¼ ∬
TG
E−∬

SG
E

� �
=∬
SG
E (B1)

The correlation coefficients between δcurl and δE is 0.94. The kinetic energy (KE) in the model is as follows:

KEj ¼ 1
2

u2j þ v2j
� �

(B2)

where (uj, vj) is the velocity vector of layer j. Using momentum equations in equations (1a) and (1b), we can
derive the kinetic energy equation as follows:

dKEj

∂t
¼ − ∑

5

i¼j
g
0
i6 uj

∂hi
∂x

þ vj
∂hi
∂y

� �
þ 1−δ1;j
� �

∑
j−1

i¼1
g
0
j6 uj

∂hi
∂x

þ vj
∂hi
∂y

� � !
þ vj·Tj

ρ0hj

þAhvj∇2vj þ 1−δ5;j
� �Wj ujujþ1 þ vjvjþ1

� �
Hjþ1

− 1−δ1;j
� �Wj−1 u2j þ v2j

� �
Hj

(B3)

According to equation (B3), the local change of KE is balanced by advection, pressure gradient, external
wind forcing, lateral dissipations, and energy exchange caused by Wj between adjacent layers. Diagnoses
of energy budget suggest that the KE advection and pressure gradient are conserved if we integrate over
the entire basin. In addition, the energy exchanges between adjacent layers are weak.

We derived the position of minimum lateral dissipation to explore the mechanisms responsible for the ver-
tical distribution of the NBL. Not surprisingly, the minimum lateral dissipation position in each layer agrees
well with the modeled NBL. The correspondence between them is easy to be understood because the lateral
dissipation is mainly determined by AHvxxx, which means it must follow the shift of the bifurcation that
requires the minimum meridional velocity.
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