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ABSTRACT

Based on a physics-oriented modeling study, we investigate the underlying forcing processes of the North
Equatorial Undercurrent (NEUC). Made up of large-scale (~90% ) and mesoscale (~10%) components, the
NEUC weakens eastward with a longitude-independent seasonality. The large-scale component reflects
the effect of the meridional baroclinic pressure gradient force (PGF_BC). The vertical velocity shear
forms the eastward NEUC, when the PGF_BC exceeds the meridional barotropic pressure gradient force
(PGF_BT). The mesoscale variability with alternating jets is linked to the wind stress curl in different regions
of the tropical North Pacific. Spatially, the NEUC has a northern (NEUC_N) and a southern branch (NEUC_S),
which are mainly attributed to the transports from Luzon Undercurrent (LUC) and Mindanao Undercurrent
(MUC), respectively. The LUC of ~3 Sv (1 Sv = 10°m®s™") feeds the NEUC_N in summer, while the MUC
of ~4 Sv tuels the NEUC_S in autumn and the two branches do not coexist. The total NEUC transport peaks
in August/September, and there exist three distinct periods in a 1-yr cycle: the non-NEUC period in winter,
the LUC-driven period in summer, and the MUC-driven period in autumn. Based on the layer-integrated
vorticity equation, we diagnose quantitatively that the variation of the NEUC is dominated by the lateral
planetary vorticity influx from the LUC and the MUC. These external influxes interact with the internal
dynamics of pressure torques and stress curls in the NEUC layer, to jointly govern the NEUC and its vari-
ability. Meanwhile, the nonlinearity due to relative vorticity advection near the coast modulates the strength
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of the NEUC.

1. Introduction

In the Western Pacific Ocean (WPO), the North
Equatorial Current (NEC) bifurcates into the north-
ward Kuroshio (KC) and southward Mindanao Current
(MC) (purple arrows in Fig. 1). This NEC-KC-MC
(NKM) circulation system, which is located to the east of
Philippines, plays an important role in the subtropical
water distribution and heat/energy transport in the
North Pacific warm pool. Many previous studies have
investigated the structures and dominant variabilities of
the wind-driven NKM (Kim et al. 2004; Nitani 1972; Qiu
and Lukas 1996; Qiu and Chen 2010; Qu and Lukas
2003; Qu et al. 1998; Toole et al. 1988, 1990; Tozuka
et al. 2002; Wijffels et al. 1995; Yaremchuk and Qu
2004). However, its undercurrents were not revealed until
the 1990s.

The NEC in the upper 500 m or so carries subtropical
warm water westward and feeds into a higher latitude
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through the KC. Meanwhile, the subsurface current,
namely, the North Equatorial Undercurrent (NEUC;
Wang et al. 1998), transports intermediate water east-
ward with a maximum velocity ranging from 0.02 to
0.05ms ™! (Qiu et al. 2013b; Qu et al. 1998; Wang et al.
2015; Yuan et al. 2014; Zhang et al. 2017). Although the
NEUC is much weaker than the wind-driven NEC, it
substantially affects the transport of the intermediate
water across the WPO. The major part of the NEUC is
constrained below the bottom of the NEC, and it can
reach a depth of ~1500m. The NEUC has a northern
branch and a southern branch, in which the southern one
is shallower and stronger due to the northward in-
creasing thickness of the NEC.

The subthermocline undercurrents in the low-latitude
region have been broadly investigated (Cravatte et al.
2012; Firing 1987; Gouriou et al. 2006; Philander and
Pacanowski 1980; Wang 2005). Subsurface alternating
jets were first observed in the tropical region from 3°S to
3°N (Firing 1987) and from 10°S to the equator (Gouriou
et al. 2006). Cravatte et al. (2012) found later that the
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FIG. 1. Schematic of the topography and circulation of the WPO.
Purple arrows denote upper-layer currents: the NEC, the KC, the
MC, and the NECC. Green arrows denote the undercurrents:
the northern (NEUS_N) and southern (NEUC_S) NEUC jets, the
LUC, and the MUC. Background color contours represent the
bathymetry (m).

alternating subthermocline jets within 10°S-10°N were
apparent in the WPO and central Pacific but weakened and
disappeared approaching the eastern Pacific. However, the
generation mechanism of the undercurrents is seldom in-
vestigated and remains unclear. Philander and Pacanowski
(1980) explained the Equatorial Undercurrent as an ex-
tension of the thermocline-trapped wave modes to depths
below the wind-driven surface currents. Wang (2005) found
that the undercurrents were the result of poleward water
movement due to the gain of the planetary vorticity
(PV) compensated by the loss of relative vorticity.
However, a similar interpretation may not apply to the
NEUC in the tropical region.

In the meridional direction, the NEUC exhibits a
multicore structure. By adopting the Argo float data,
Qiu et al. (2013b) identified the multicore structure of
the NEUC, resulting from the long-time mean alter-
nating zonal jets with an amplitude of ~0.1ms™'. The
width of each jet ranges from 150 to 200km. Qiu et al.
(2013a) pointed out that the jets were generated by the
breaking-down eddies in the wind-induced westward
propagating Rossby waves. However, utilizing mooring
data, Zhang et al. (2017) found that the zonal velocities
in the upper and subthermocline layer were dominated
by variabilities with different frequencies, and they
suggested that the subthermocline jets could come from
subthermocline eddies rather than wind-driven vari-
ability. Qiu et al. (2013a) and Zhang et al. (2017) focused
on the mesoscale variability and intraseasonal variations
in the NEUC. So far, the contribution from the large-
scale component to the NEUC remains unclear, which is
critical to holistically characterizing the NEUC.

In the WPO, two important western boundary un-
dercurrents, the southward Luzon Undercurrent (LUC)
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and the northward Mindanao Undercurrent (MUC), are
closely linked to the NEUC (Fig. 1). The LUC and the
MUC were first discovered in the early 1990s using
in situ conductivity-temperature-depth (CTD) mea-
surement (Hu and Cui 1989, 1991). This was further
confirmed by additional data (Qu et al. 1998) and direct
measurements utilizing an acoustic Doppler current
profiler (ADCP) deployed at the subsurface (Hu et al.
2013; Zhang et al. 2014). The southward maximum ve-
locity of the LUC ranged from ~7 cms ™~ ' by geostrophic
calculation to 27.5cms ™! by the ADCP, and the mean
volume transport was 2-4Sv (1Sv = 10°m’s™!). The
maximum velocity of the MUC was larger than that of
the LUC, reaching 10-20cms ™' (Hu et al. 1991; Zhang
et al. 2014), and the transport was 8-22Sv (Hu et al.
1991). Previous studies of the LUC and the MUC were
mainly conducted independently, and their connections
to the NEUC have not been adequately explored. Apart
from the mean southward (northward) water transport,
the LUC (MUC) also exhibited a significant intraseasonal
variability with a period of 70-80 (60-80) days (Hu et al.
2013; Zhang et al. 2014). Due to a shortage of in situ
measurements, we still lack a comprehensive understand-
ing of the seasonality in the LUC and the MUC.

The historical hydrographic data and Argo float data
have unveiled general features of the NEUC. The in situ
ADCP measurements, on the other hand, have provided a
glimpse into the characteristics of the LUC and MUC. Yet,
they are not sufficient to provide a holistic understanding
of the NKM undercurrent system (NKMU) of LUC,
MUC, and NEUC in the WPO, especially its spatiotem-
poral variability. Moreover, the forcing mechanism such as
role of the lateral and vertical forces in the NKMU, which
cannot be quantitatively resolved by observations, is still
unknown. In addition, the dynamic connections between
the NEUC, the LUC, and the MUC remains unclear.

By utilizing a three-dimensional time-dependent, eddy-
resolving model with idealized coastline and climatological
mean forcing, we conduct a process-oriented study to
investigate the dynamic features in the NKMU. We in-
vestigate the characteristics and dominant forcing mecha-
nism of the NEUC and examine the dynamic connections
among the undercurrents, and between the NKM and
the NKMU. This study elevates our understanding of
the characteristics and underlying physics of the WPO
undercurrent system.

2. Ocean model

We utilized the Regional Ocean Modeling System
(ROMS; Shchepetkin and McWilliams 2005) to conduct
a process-oriented study to investigate the NEUC. The
ROMS is a three-dimensional, time-dependent circulation
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FIG. 2. (a) Realistic coastline (blue) and geometry of the idealized model domain (red). The
black box is the NKM/NKMU region of focus in this study. (b) The annual mean wind stress
vectors and wind stress curl (Pa m~; color shaded).

model governed by hydrostatic primitive equations. A
local closure scheme based on the level-2.5 turbulent
kinetic energy equations (Mellor and Yamada 1982) was
used in vertical mixing parameterization. The model
domain covered the low-latitude region of the Pacific
and the South China Sea (SCS), extending from 110°E,
10°S in the southwest corner to 110°W, 40°N in the
northeast corner (Fig. 2a). This computational domain
provided a high degree of dynamic freedom for the
circulation in the NKM/NKMU region (black box in
Fig. 2a). To better isolate the physical process in the
complex NKM/NKMU, we adopted coastlines with an
idealized geometry but preserved the spatial scale and
dominant characteristics of the Pacific basin and the SCS
to identify the underlying formation processes for the
NEUC as well as their unknown connections with the
undercurrents in the western boundary.

The NKM and the NKMU systems exist mainly in the
upper 2000 m of the ocean, thus the water depth was set
to a constant of 4000 m. The Pacific basin connects the
marginal SCS with two straits, the Luzon Strait (LS) at
~20°N and the Mindoro Strait (MS) at ~5°N (Fig. 2a).
Trigonometric-function-fitting bathymetry was applied
in the LS, which enabled a reasonable water exchange
through the LS. Meanwhile, a shallower topography
(450 m) was adopted in the MS. The model adopted a
uniform horizontal rectangular grid with a grid size of
11 km. We adopted 30-level stretched generalized terrain-

following coordinates with a higher vertical resolution in
the upper water column to better resolve the NEC/NEUC
which was the focus of this study.

We forced the model with wind stress derived from
climatological (averaged from 1988 to 2010) monthly
blended 0.25° sea surface winds released by the National
Oceanic and Atmospheric Administration (NOAA)
and the National Climatic Data Center (NCDC; https://
www.ncdc.noaa.gov/data-access/marineocean-data/blended-
global/blended-sea-winds), based on the bulk formulation
(Fairall et al. 2003). The annual mean wind stress and
wind stress curl (WSC) are shown in Fig. 2b. The model
was also forced by atmospheric heat and salt fluxes from
climatological monthly reanalysis data released by the
National Centers for Environmental Prediction (NCEP).

We applied the radiation boundary condition (Raymond
and Kuo 1984) at the northern and southern open bound-
aries of the domain for the velocity and tracers, and the
no-gradient boundary condition is applied to the sea
surface elevation along the open boundaries. The annual
mean temperature 7" and salinity S from World Ocean
Atlas 2013 (WOA1I3), and zero velocities and elevation
were used to initialize the model. In this process-
oriented study, we adopted domain and horizontally
averaged T and S profiles as the initial condition to
extract the dominant process invoked in the NEUC.
The horizontal homogeneous initial condition may suppress
the effect of baroclinic instability during the first few


https://www.ncdc.noaa.gov/data-access/marineocean-data/blended-global/blended-sea-winds
https://www.ncdc.noaa.gov/data-access/marineocean-data/blended-global/blended-sea-winds
https://www.ncdc.noaa.gov/data-access/marineocean-data/blended-global/blended-sea-winds

1402

years, however, the circulation pattern of NEUC is not
overly sensitive to the initial 7" and S horizontal gradi-
ents. The model was spun up for 50 years, even though
the NEUC jets, LUC, and MUC have all reached quasi-
steady states after 20 years. We used the model variables
in the last 10 years of the 50-yr run to conduct analyses in
this study. The idealized model was designed with
physically sensible resolution and domain, validated
atmospheric fluxes and simplified topography to facili-
tate the process-oriented study.

3. Characteristics of the NEUC
a. General flow pattern

The subtropical highs to the east of Taiwan and the
Mindanao Dome (MD) to the southeast of Mindanao
Island with distinct sea surface height (SSH) captured
by the model reflect the general circulation pattern in
the region, and they are consistent to those derived
from the Archiving, Validation and Interpretation of
Satellite Oceanographic Data (AVISO; Figs. 3c,d).
The observed westward NEC, eastward North Equatorial
Countercurrent (NECC) and coherent western boundary
currents of KC and MC, are also reasonably reproduced
(Figs. 3a,b), both qualitatively and quantitatively. As
compared with the realistic model, the NECC locates
relatively south mainly due to the missing of Halmahera
Island in the idealized coastline (Fig. 3b). This, however,
has limited effect on the focused undercurrent system.
Furthermore, both the magnitude and phase of the
seasonal variation of the NKM transport are comparable
to those calculated from in situ observations, historical
hydrographic data and numerical models (Fig. 4d)
(Jensen 2011; Qiu and Lukas 1996; Qu et al. 1998,
2012; Yaremchuk and Qu 2004).

Figure 4a shows that the NEC is mainly trapped in the
upper ~500m in the subtropical region of the North
Pacific from 6°N to higher than 20°N. The annual mean
volume transport of the NEC is ~50 Sv (Fig. 4d), which
is comparable to those reported in previous studies
ranging from 40 to 70 Sv (Nitani 1972; Qu et al. 1998;
Toole et al. 1988, 1990; Yaremchuk and Qu 2004).
Vertically, the model is capable of producing not only
the wind-driven upper-layer currents, but also the under-
currents: the NEUC, LUC, and MUC (Figs. 4a—c). All the
currents and undercurrents generated by our model have
reasonable widths, depths and intensities as compared to
previous studies (Qu et al. 1998; Wang et al. 2015). The
vertical structures of the upper currents/undercurrents
are consistent with the ADCP mooring observations
(Hu et al. 2013; Ren et al. 2018; Zhang et al. 2014, 2017).
The northward weakening and deepening of the NEUC
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jets are clearly revealed (Fig. 4a). The features that the
MUC is stronger than the LUC, and the core of the
MUC is shallower than that of the LUC (Figs. 4b,c),
have also been identified by previous studies (Qu et al.
1998; Wang et al. 2015).

Similar to the results of Qiu et al. (2013b), the major
parts of the undercurrents are trapped between the
isopycnal surfaces equal to 26.8 and 27.6kgm > (green
lines in Figs. 4a—c), namely, the NKMU layer. Thus, the
undercurrent transport in this study is defined as the net
integrated-velocity within the NKMU layer. Similarly,
the upper-layer current transport is defined as the net
integrated velocity between the sea surface to the iso-
pycnal surface of 26.8 kgm >, which is named the NKM
layer. The NEUC is a basin-scale current and exhibits
multiple-core structure (Fig. 5). Alternating jets exist in
the NEUC, in which there are two significant eastward jets,
namely northern (NEUC_N) and southern (NEUC_S)
NEUC (Fig. 5b). The NEUC_S is shallower than the
NEUC_N and its velocity core locates at ~600m
(Fig. 4a). At 1000 m, the NEUC_S becomes weaker and
the NEUC_N becomes significant (Fig. 5c). The multi-
ple NEUC jet phenomenon and their poleward deep-
ening are also shown by the geostrophic velocity derived
from observational temperature and salinity profiles
(Qiu et al. 2013b; Wang et al. 2015; Yuan et al. 2014).
Although the alternating NEUC jets have been con-
firmed by many observations and model simulations,
their widths, strengths, and the number of the jets below
the NEC remain uncertain. Qiu et al. (2013b) utilized
Argo float data to show 3 distinct NEUC jets locating at
9°, 13°, and 18°N. However, combining the Argo float,
World Ocean database 2009 and CTD XBT tempera-
ture data, Wang et al. (2015) discovered only two
patches of eastward velocity in the NEUC from 8° to
18°N. Qiu et al. (2013a) adopted the OGCM for the
Earth Simulator (OFES) to reproduce three NEUC jets,
with intensities smaller than the observations. The Global
Hybrid Coordinate Ocean Model (HY COM) reproduces
the NEUC jets with smaller width and weaker strength
comparing to OFES (not shown here).

Our results show that the NEUC jets extend below a
depth of 1500 m, which is also consistent with the ob-
servations (Qu et al. 1998; Yuan et al. 2014; Zhai et al.
2013). The maximum volume transport of the NEUC
between 8° and 18°N in a year is ~9 Sv in the western and
central tropical Pacific and decreases eastward, which
is much weaker than that of the NEC (Fig. 6). Clearly,
our process-oriented model captures well the domi-
nant features and pattern of the NEUC for us to
conduct investigation of the undefined origin of the
NEUC and their connection with the western boundary
undercurrents.
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FIG. 3. Surface velocity magnitude (m s~ *; color contours) and direction (vectors) adopted
from (a) AVISO and (b) the idealized model. SSH (m; color contours) adopted from

(c) AVISO and (d) the idealized model.

The seasonality of the NEC is longitude depen-
dent, since the transport is affected by both local
wind forcing and remote effects caused by the west-
ward propagating Rossby waves (Qiu and Lukas
1996). Generally, seasonal variation is the dominant
feature of the NEC transport in the WPO (130°-
150°E) and the eastern Pacific Ocean (EPO, 150°-
110°W), and a semiannual variation prevails in the
central Pacific Ocean (CPO; 150°E-150°W) (Fig. 6a).
The pattern of the NEC transport as a function of
time and longitude is highly correlated with the SSH

and WSC fields, suggesting that it is dominated by
barotropic effects.

Unlike the NEC transport, the seasonality of the
NEUC transport is longitude independent. The NEUC
appears only in summer and autumn, and is replaced
by a westward transport in winter and spring (Fig. 6b).
We utilize the horizontal transport streamfunction in-
tegrated within the NKMU layer to illustrate the annual
cycle of the NEUC (Fig. 7). The meridional gradient
of streamfunctions ¥ indicates the zonal transport:
Unguc = —9WP/dy, in which y is the meridional axis
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FIG. 4. Cross-sectional velocity (m s™1) in (a) the NEC/NEUC (130°E), (b) the KC/LUC
(18°N), and (c) the MC/MUC (8°N) sections. Positive values denote northward or eastward
velocity. Green lines denote the top and bottom isopycnal surfaces of the NKMU layer.
(d) Seasonal variation of the NEC, the KC, and the MC volume transport (Sv) integrated above
the isopycnal surface of potential density (kg m %) equal to 26.8 adopted from the idealized
model (lines), and transport with different definitions in previous observations (circles) and
models (crosses). The shaded region shows the standard deviation of the idealized model result.

and the larger ¥ values are on the right-hand side of the
flow direction. In spring, a westward transport prevails
in the entire region, which suggests the absence of the
eastward NEUC in this season (dashed arrow in Fig. 7a).
A relatively weak eastward NEUC appears in summer
(Fig. 7b), which is located mainly in the northern
NKMU region. In autumn, the NEUC becomes stronger

and its core moves to the southern NKMU region
(Fig. 7c). After autumn, the NEUC weakens and is
eventually replaced by a strong westward current in
winter (Fig. 7d). The evolution of the NEUC reveals its
important meridional asymmetric structure, in which the
NEUC_N (NEUC_S) is more significant during summer
(autumn). The meridional asymmetricity suggests that the
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NEUC may have northern and southern origins associated
with the two western boundary undercurrents (LUC and
MUC) in the WPO in different periods. These will be
discussed in more details in section 4.

b. Large-scale and mesoscale components

Qiu et al. (2013a) utilized a filter to isolate currents of
different scales in the depth-independent alternating
jets. After removing the large-scale (>400km) zonal
velocity signals by applying a 4°-box moving-average
high-pass filter, they found that the alternating jets ex-
tended from the sea surface to ~2000m below. The 4°
box was chosen due to the jet width.

We also find that the alternating jets are independent
of the background large-scale flows. By using the 4°-box
high-pass filter, the NEUC is decomposed into large-
scale (>400km) and mesoscale (<400km) compo-
nents (Fig. 8). Different from the previous study
(Qiu et al. 2013a), we further quantify the contributions
of the variabilities at these two scales to the subsurface
net transport within the NKMU layer. The velocity
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meridionally, and positive values denote eastward transport.

averaged over 130°-135°E is used to represent the
NEC/NEUC velocity profile in the WPO. For the EPO
section, the velocity is averaged over 140°-135°W. The
velocities at both scales weaken with depth (Figs. 8a—c).
The large-scale component of the NEUC is wide and
mostly flows eastward, mainly contributing to the east-
ward transport of intermediate water (Fig. 8b). However,
the mesoscale component shows that the neighboring
westward jets (Figs. 8c,f) compensate for the eastward
jets, thus their combined effect on the net subsurface
transport in the NKMU layer is limited.

To better quantify the contributions of the two com-
ponents to the net subsurface transport of the NEUC,
we use the model output in the last 10 years to illustrate
the longitude-dependent variability of the NEUC net
transport at the large and mesoscales. Figure 9 shows
that the large-scale and mesoscale components account for
~90% and ~10% of the total NEUC net transport, re-
spectively. Both components weaken eastward, except for
the relatively strong mesoscale variation in the EPO,
which is related to the high-frequency variability near
the eastern boundary generated by local wind (Qiu et al.
2013a; Yoshida et al. 2010). The large-scale component
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exhibits significant seasonal variation at all longitudes,
while the mesoscale component is dominated by intra-
seasonal variability. As a result, the large-scale component
is significantly larger than the mesoscale component in
terms of both magnitude and variability. We have also
conducted sensitivity tests using a filter with a 6° box, and
the results are robust.

Apparently, the NEUC exhibits different character-
istics and variabilities at different longitudes (Fig. 9). Thus,
we have extended our understanding of the NEUC in
three isolated regions of the tropical North Pacific.

¢. Barotropic and baroclinic components

The large-scale component of the NEUC weakens
eastward, with a seasonality that is independent of lon-
gitude. In addition, the spatiotemporal pattern of the
mesoscale component indicates a strong intraseasonal
variation in the WPO, a weak variability in the CPO, and
seasonality in the EPO (Fig. 9b). To investigate the
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underlying mechanisms, we first separate the tropical
North Pacific into three regions according to the spa-
tiotemporal pattern of the mesoscale component of the
NEUC. We choose the NEUC transport at 130°E, 180°,
and 140°W to represent the typical variabilities in the
WPO, CPO, and EPO regions, respectively. In the
WPO, CPO, and EPO, the eastward NEUC volume
transport varies from —10 to 9 Sv, from —8 to 11 Sv, and
from —5 to 5 Sv, respectively (Figs. 10a,c,e). Clearly, the
NEUC weakens toward the east because the pink areas
become smaller from WPO to CPO to EPO (Figs. 10a,c,e).
The seasonal phases in these regions all exhibit an east-
ward transport peaking in August/September and a west-
ward transport peaking in February/March.

The NEUC is mainly a geostrophic current. Thus, the
meridional pressure gradient force (PGF) is the dominant
term balancing the Coriolis term due to the water move-
ment. In this study, we decompose the PGF into two
components. The first component is generated by the gra-
dient of the sea surface elevation, which is named baro-
tropic PGF (PGF_BT) because it is depth independent.
The second component is caused by the gradient of the
density, which is named baroclinic PGF (PGF_BC) due to
its depth-dependent feature. The PGF can be shown as

1 g ("

-—P, =-ng—=>| pdz, 1)
p() 7 \y,_/ p() -H 7

~——~—"  PGF_BT
PGF PGF_BC

where P, is the meridional PGF and 7, and p, are the
meridional gradient of the SSH and density, respectively.
PGF_BT and PGF_BC have opposite signs. To describe
the dynamics of PGF, we change the sign of PGF_BC. The
negative PGF_BC represents the baroclinic effect sus-
taining the eastward NEUC, while the negative PGF_BT
indicates the barotropic effect restraining the eastward
velocity. Thus, the residual part (pink shaded area in the
right panel of Fig. 10) denotes the favorable PGF for the
NEUC, when PGF_BC exceeds PGF_BT. The eastward
NEUC only exists when the PGF_BC overcomes the
PGF_BT, which is consistent with the conclusion in earlier
study that the slope of the pycnoclines should be strong
enough to provide necessary condition for the existence of
the undercurrents (Wang and Hu 1999). Apparently, the
eastward-weakening NEUC transport is well correlated
with the weakened PGF_BT, PGF_BC as well as their
residual part (right panel of Fig. 10), because the pink
areas in Fig. 10 become smaller from the WPO to EPO.

In the WPO and EPO, both PGF_BT and PGF_BC
govern the seasonal variation of the NEUC (Figs. 10b,f).
However, a semiannual PGF controls the NEUC
seasonal variation in the CPO region (Fig. 10d). The
semiannual variation of the SSH gradient may be
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related to the Hawaii Island-induced WSC (Sakamoto
et al. 2004; Xie et al. 2001; Yoshida et al. 2010). The
seasonal/semiannual/seasonal variation structure of
PGF_BT s well correlated with the intensity variation
of the NEC in the WPO/CPO/EPO (Fig. 6a), and they
are likely induced by the spatially correlated WSC in the
tropical North Pacific (not shown here). Once a higher
SSH is formed, the dome of SSH deepens the isopycnals
in the upper several hundreds of meters of the water
column. Thus, the variation of PGF_BC reflecting the
tilting of the isopycnals is correlated with the change in
the SSH gradient.

However, we also found that the WSC field cannot
explain the similar period of emergence of the NEUC in
the WPO, CPO and EPO. The NEUC in summer to

1

autumn is dependent of the seasonal phases of the
combined PGF_BT and PGF_BC effect, which acts
dynamically to sustain the NEUC and its seasonal var-
iation. In addition, external forcings from influxes of the
LUC and MUC should play significant roles, besides the
internal dynamic hub for the formation and sustenance
of the NEUC, as will be shown below.

4. Dynamic linkage among the undercurrents

Seasonal variation of the NEUC transport in Figs. 7
and 10 indicates a linkage among the undercurrents in
the WPO. We use the vectors of the depth-integrated
velocity to identify the flow pattern in NKMU region. Three
typical periods of the NEUC, namely, the non-NEUC
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the last 10 years of the model simulation. Positive values denote eastward transport.

period in February, the LUC-driven NEUC period in
July, and the MUC-driven NEUC period in November,
are shown in Fig. 11. In February, the water from the east
of 130°E section mainly flow westward (black dashed ar-
row in Fig. 11a), so the NEUC as well as the LUC and
MUC does not exist. However, in July, the southward
LUC at 18°N appears and fuels waters into the NKMU
region from the north to form the NEUC_N (black
arrows in Fig. 11b). In contrast, the NEUC_S is fed by
the northward MUC from 8°N in November (black
arrows in Fig. 11c). It is interesting to see that the
NEUC_N and NEUC_S do not coexist (see Fig. 12 for
more details) and there is always a weak or westward
transport on the opposite side of the NEUC at least in
July and November.

The seasonal variations of the net volume transports in
the NEUC, LUC, and MUC show the connections among
the undercurrents quantitatively (Fig. 12). The sum of the
LUC net transport and the MUC net transport is almost
equal to the NEUC net transport (Fig. 12a). The LUC net
transport has a significant seasonal cycle, with a peak in

August/September (Fig. 12a). It varies from negative
(northward) in winter to positive (southward) in sum-
mer. The MUC net transport has a relatively weak
seasonality, peaking in October (Fig. 12a). By utilizing
one-point mooring observation, Ren et al. (2018) showed
that the MUC has a semiannual variation peaking in
summer and winter. We also find similar seasonal phase
of the MUC at a single longitude near the coast (not
shown here). However, the seasonal variation of the
meridional velocity in the MUC is longitude depen-
dent, due to the effect of the subthermocline eddies
(Zhang et al. 2014). To better identify the total con-
tribution of the entire MUC, we used the integrated
MUC net transport across the section at 8°N. Due to
the combined effect of the LUC and MUC, the NEUC
net transport reaches its maximum of ~9 Sv eastward in
early autumn. The annual mean volume transports of
the undercurrents suggest that the MUC is the major
source of the NEUC in most time of a year, while the
LUC only plays as an origin of the NEUC in summer to
early autumn.
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FIG. 10. (left) Seasonal variation of the NEUC net volume transport (Sv) integrated between the isopycnal
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According to the typical flow patterns in the LUC-driven
and MUC-driven periods, the NEUC has an intensified
northern branch when fed by the LUC, but an intensified
southern branch when fueled by the MUC (Figs. 11b,c), as
is also shown in Fig. 7. We separate the NEUC net trans-
port into the NEUC_N portion within 13°-18°N and the
NEUC _S portion within 8°~13°N. The seasonal transport
and phase of the LUC coincide with the NEUC_N trans-
port, while the MUC matches with NEUC_S (Fig. 12b).
The LUC and the NEUC_N both peak in summer, and the
MUC and the NEUC_S reach their maximums in late au-
tumn. The correlation coefficient between the net trans-
ports of the LUC (MUC) and the NEUC_N (NEUC_S) in
the last 10 years of the model simulation reaches 0.68 (0.72).
The dynamic linkage between the LUC/MUC and the

NEUC_N/NEUC S has also been investigated and con-
firmed by using the relationship of water properties in these
undercurrents (Wang et al. 2015). With the potential tem-
perature and salinity diagrams at different sections, Wang
et al. (2015) pointed out that the NEUC_N is mainly fed by
the LUC with North Pacific Intermediate Water (NPIW),
while the NEUC_S is largely contributed by the MUC with
Antarctic Intermediate Water (AAIW) from the Southern
Hemisphere.

In summary, the MUC is the main source of the NEUC_S,
while the LUC only contributes to the NEUC_N in
summer/autumn. During the LUC-driven NEUC period
in July to September, the LUC and MUC contribute
60% and 40% of the total NEUC transport, respec-
tively. During the MUC-driven NEUC period in late
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autumn, the MUC contributes to almost all the NEUC.
In winter to spring, the NKMU region is occupied by a
wide westward current. This westward current in the
non-NEUC period mainly merges to the northward
LUC, while its transport at the MUC section is weak.

5. Formation mechanism of the NEUC
a. Dynamics of influx and intrinsic response

To identify the multiforcing processes of the lateral
fluxes, bottom and top forces and intrinsic dynamics of
flow and isopycnal interaction, we use a domain- and
layer-integrated vorticity equation (LIVE; Gan et al.
2016) within the NKMU layer. The two isopycnal sur-
faces with potential densities of 26.8 and 27.6kgm > are

used to represent the top and bottom boundaries of the
NKMU layer (green lines in Figs. 4a—c). For the hori-
zontal domain, we select the area from the east coast of
the Philippines to 130°E zonally and 8°-18°N meridio-
nally (black box in Fig. 2a). Following Gan et al. (2016),
the LIVE can be written as

Q

a

cc = 'Q'cor + Qhadv + ngf +Q +Q (2)
The left-hand side of Eq. (2), that is, the acceleration
term (),.., represents the vorticity change with time. On
the right-hand side, we have the divergence term Q.
and the horizontal nonlinear advection term {);,,4,.- The
term ()q¢ gives the pressure torque (PT) that is induced
by the curl of the horizontal force exerted by the top and

bottom boundaries on the water body. The horizontal

vadv vvisc *
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gradient of the vertical velocity at the tilting isopycnal
surfaces (26.8 and 27.6kgrn73) is indicated by Qyagy,
and the friction curl over the top and bottom of the
NKMU layer is represented by yyise. Similar to Gan
et al. (2016), we apply Stokes’ theorem to the Q. term
in Eq. (2) over the domain concerned:

J V><FdA=f[>FdS, 3)
A S

where F can be any vectors, such as the Coriolis term in
momentum equations. Thus, we convert (), into the
lateral fluxes of PV through the NEUC, LUC and MUC
to give

fNEUC = fLUC + fMUC - Q__+Q,_ +0
+ ngf + viisc ’ (4)

vadv

where fNEUC is the PV received by the NEUC, and
fLUC and fMUC are the PV inputs to the NEUC from
the LUC and the MUC, respectively. Equations (2) and
(4) describe the dynamics in the NEUC through the
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linkage of extrinsic and intrinsic physical processes that
govern the formation, development, and variation of
the NEUC.

The fNEUC term is determined mainly by fLUC and
fLUC (Fig. 13). The seasonality of fNEUC is consistent
with the seasonal variation of the NEUC (Fig. 12a), and
fLUC and fMUC are correlated with the LUC and MUC
transports, respectively. Due to the different seasonal
phases of fLUC and fMUC, the PV outflux through the
NEUC originates from fLUC in late summer and from
fMUC in late autumn. In August/September when
fNEUC reaches its peak, fLUC contributes to ~80% of
INEUC, while IMUC, Qy,a4v, and Q¢ occupy the 20%
remained. The fLUC term dominates the seasonal phase
of the INEUC. Also, fMUC serves as a source of the
positive INEUC during most of the year, suggesting that
the MUC is a relatively stable source for the eastward
NEUC waters. The .4, term mainly shows the ad-
vection of relative vorticity caused by the velocity shear
in the coastal boundary layer. In most of the year, the
NKMU circulation in the domain is energetic, S0 Qp,qy 1S
relatively large. However, in the transient period such as
May and November, the three undercurrents (NEUC,
LUC and MUC) are all relatively weak. As a result,
the effect of .4, becomes minor. Meanwhile, the
vorticity acceleration (),.. approaches 0 because the
circulation is in a quasi-steady state, and the hori-
zontal gradient of the vertical velocity at the tilting
isopycnal surface boundaries (y,q4y) is also small, due
to the weak strength of the vertical motion. The
terms Qp,q¢ and O,vige, which indicate different physical
processes of horizontal force curls applied to the
vertical boundaries of the NKMU layer at the top and
bottom isopycnal surfaces (26.8 and 27.6kgm ), will
be discussed in the next section.

b. Effect of pressure torque and stress curl

We convert Q,,¢ and i into the isolated forcing
at the top and bottom isopycnal surfaces within the
NKMU layer. The (), term in Eq. (4) represents the
PT at the vertical boundaries. The PT indicates the
curl of the horizontal component of the force normal
to the bottom (top), which is exerted by the bottom
(top) boundary on the fluid (Mertz and Wright 1992).
By applying the Leibniz integral rule

@) .
;;x E( Fx2)dz | = Flx, o) %i)
- Pl (o) )
hx) o F (x,2)
" Lz(x)T dz. ©)
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where & and H represent the depth of the top and bot-
tom isopycnal surfaces, respectively, we can expand (),
into the components at the top and bottom boundaries
as follows:

=] L Lo |us. @
pg Al P P,
0 0

PT_TOP PT_BOT

where Lt is the depth of the 26.8kgm ™ isopycnal sur-
face, representing the top of the NKMU layer, Lb is the
depth of the 27.6kgm ™ isopycnal surface, representing
the bottom. The term J is the Jacobean operator. The
terms P and P’ are the pressures at the top and
bottom of the NKMU layer, respectively. The two
terms on the right-hand side of Eq. (6) are the PTs
at the top isopycnal surface (PT_TOP) and bottom
isopycnal surface (PT_BOT). Both PT_BOT and
PT_TOP contribute to the seasonal variation of (),
(Fig. 14a). PT_BOT varies from a negative value in
winter to a positive one in autumn, implying that the PT
at the bottom of the isopycnal surface changes largely
due to the time-dependent NKMU flow pattern, in-
cluding the strengths and directions of the under-
currents. In contrast, PT_TOP is mostly positive
throughout the year. PT_TOP is the PT at the inter-
face between the NKMU and the NKM, which is
largely affected by the upper-layer NKM circulation.
Thus, PT_TOP basically preserves its sign during a
year due to the relatively steady flow pattern in
the NKM. PT_BOT also shows intraseasonal vari-
ability (not shown here), which may be related to the
subthermocline eddies with intraseasonal variation
(Zhang et al. 2017).

Similarly, we divide Qi into the stress curls (SCs) at
the top (SC_TOP) and bottom (SC_BOT) boundaries
of the NKMU layer as follows:
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WiSC=J vx T +vx |aa. )
A p() p()
———
SC_TOP SC_BOT

where 7 and 7" represent the stress at the top and that
at the bottom of the NKMU layer, respectively.
Different from the PT terms, the SC terms indicate the
frictional force curls at the top and bottom boundaries,
induced by the relative velocity between two layers.
Compared with the other terms on the right-hand side of
Eq. (2), the Q. term is negligible. However, the
magnitudes of SC_TOP and SC_BOT are comparable to
those of PT_TOP and PT_BOT (Fig. 14). SC_TOP is
positive in autumn and negative in spring, which re-
flects the temporal variation of the WSC averaged
over the NKM region. SC_BOT compensates for
SC_TOP, which implies that beneath the NKMU
layer, the water is almost static. The time series of both
top and bottom component in (e and s indicate
that the horizontal torque induced by either pressure or
friction reaches the peak in autumn. The deep layer
below the NKMU layer dynamically affects the NEUC
mainly through PT_BOT. The upper NKM layer influ-
ences the NEUC through comparable SC and PT.

The PV source of NEUC indicated by the PV outflux
through the section (130°E) is generally dominated by
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external forcings of lateral PV influxes carried in the
LUC and MUC, and modified by intrinsic dynamics of
the nonlinearity induced by the undercurrent-produced
vorticity convergence and coastal-generated advection
(Fig. 13). Meanwhile, the horizontal curl of the pressure
force and that of the frictional force on the top and
bottom boundaries of the NKMU layer are nonnegligible,
in which the PT from the upper layer contributes the most
(Fig. 14). We have conducted similar dynamic analysis for
the NEUC in the CPO and EPO as well and drew similar
conclusions: the NEUC is mainly fueled by the external
forcings of lateral influxes, and is modulated and sus-
tained by the intrinsic dynamics in the current.

6. Discussion and summary

Although the NEUC has been widely studied, the
previous efforts mainly provided the general but spa-
tiotemporally limited characteristics from the velocity
profiles according to CTD measurement (Qu et al.
1998), mooring data from direct ADCP measurement
(Zhang et al. 2017) and Argo float data (Yuan et al.
2014). These studies are generally based on data with a
relatively low spatiotemporal resolution that limits our
understanding of the detailed characteristics, physical
processes, and forcing mechanisms of the NEUC. In
addition, although the formation mechanisms of the
NEUC alternating jets related to mesoscale variability
have been identified recently (Qiu et al. 2013a,b), the
origins and underlying dynamics of the large-scale east-
ward transport in the NEUC are seldom investigated. In
this study, we investigate the characteristics and forcing
mechanisms of the NEUC by conducting a process-
orientated numerical modeling study. The model has
successfully captured the dominant features and vari-
ability of the NEUC that were either observed or re-
ported in previous studies.

We have investigated the spatiotemporal variability of
the NEUC. The NEUC is a basin-scale undercurrent
that is trapped below the upper NEC between the iso-
pycnal surfaces equal to 26.8 and 27.6kgm ™, which is
named the NKMU layer in this study. The alternating
NEUC jets have well been reproduced by the idealized
model. However, the widths, strengths, and number of
the NEUC jets below the NEC remain uncertain from
both measurements and numerical modeling, according
to the previous studies. The NEUC net transport inte-
grated within the NKMU layer reaches ~9 Sv eastward
in autumn, and gradually weakens from the WPO and
CPO to the EPO. We find that the NEUC consists of a
large-scale (>400km) and a mesoscale (<400km) com-
ponent. The large-scale component has a strong season-
ality and contributes ~90% of the NEUC net transport,
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while the mesoscale component contributes only ~10%
due to the compensation of the alternating eastward—
westward jets. The large-scale component of the NEUC
reflects mainly the effect of the meridional PGF_BC.
The vertical shear of the zonal velocity induced by the
meridional density gradient sustains the eastward NEUC,
when PGF_BC exceeds PGF_BT in autumn. The meso-
scale component of the NEUC exhibits distinct variability
in different regions of the tropical North Pacific.

The NEUC has different flow patterns and branches
in different seasons. In spring and winter, the eastward
NEUC is absent and the waters below the NEC travel
westward. In summer and autumn, the NEUC is located
at the north (NEUC_N) and south (NEUC_S) of the
NKMU region, respectively. The eastward NEUC mainly
comes from the LUC in late summer and the MUC in
late autumn. We further define three different periods
according to the sources of the NEUC: the non-NEUC
period from December to April, the LUC-driven NEUC
period from July to September and the MUC-driven
NEUC period from October to November. Due to the
combined effect of the variation of the LUC and the
MUC, the NEUC transport peaks in August/September.
In the LUC-driven and MUC-driven periods, the LUC
and the MUC mainly feed ~3 and ~4 Sv of water into
the NEUC_N and NEUC_S, respectively.

We utilize the LIVE within the water column of the
NKMU to investigate the underlying dynamics of the
NEUC by linking the extrinsic force to the intrinsic re-
sponse in the NKMU circulation. We find that the PV
influxes carried by the LUC (fLUC) and MUC (fMUC)
account for large portion of the PV outflux in the NEUC
(fNEUC) in different seasons. The seasonality of fLUC
and fMUC is well correlated with the variation of the
LUC and the MUC transport, respectively. Besides, the
nonlinearity (Qy,,4,) due to the relative vorticity advec-
tion generated in the coastal boundary layer contributes
~20% of fNEUC, when the NKMU circulation is en-
ergetic. The PT at the top and bottom boundaries of the
NKMU (PT_TOP and PT_BOT) make nonnegligible
contributions to the PV in the NEUC peaking in autumn.
The net effect of the stress curl in the water column (Qyysc)
is negligible due to the opposite influences of the stress
generated by the upper-layer NKM and the static layer
below the NKMU on the undercurrents system.

This study represents the first attempt to investigate
the interconnection within the undercurrent system
(NKMU) in the WPO both quantitatively and dynami-
cally. We reveal the linkage between the LUC/MUC
and the NEUC_N/NEUC_S, which is crucial for un-
derstanding the transports and flow patterns of the un-
dercurrents in the WPO. The formation mechanism of
the NEUC is first explored by adopting the LIVE, which
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FIG. 15. Schematic of the upper NKM and lower NKMU circu-
lation, and the main formation mechanisms of the NEUC. PV
stands for planetary vorticity.

provides a novel and efficient way to isolate different
physical processes. The external forcings of PV from the
lateral fluxes (generated by the LUC and MUC, ~80%)
dominates the PV outflux in the NEUC, while the
coastal-induced nonlinearity (~20%) and the vertical
dynamic interaction between the NKMU and the
upper/deep layer (mainly induced by PT, ~10%) also
contribute to the PV balance (Fig. 15). We identify
the contributions of individual forcing mechanisms and
fill the knowledge gap in the interconnection among the
undercurrents in the NKMU system, and improve the
understanding of the depth-dependent three-dimensional
dynamical circulation in the WPO.
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