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. The mean structure and variability of the North Equatorial Current/Undercurrent (NEC/NEUC) are
. investigated with one-year Acoustic Doppler Current Profilers measurements from 4 subsurface
© moorings deployed at 10.5°N, 13°N, 15.5°N, and 18°N along 130°E in the western Pacific. The strong
. westward flowing NEC ranges from the sea surface down to 400 m, and the mean zonal velocity of the
© NECat10.5°N is around —30cm/s at the depth of 70 m. Eastward flowing NEUC jets are detected below
© the NECat 10.5°N and 13°N, and the depth of the NEUC could reach at least 900 m. The mean velocity
. ofthe NEUC is around 4.2 cm/s at 800 m. No eastward undercurrents are observed at 15°N and 18°N.
: The mooring measurements also reveal a strong intraseasonal variability of the currents at all 4 mooring
. sites, and the period is around 70-120 days. The vertical structure of this intraseasonal variability varies
. atdifferent latitudes. The variability of the NEUC jets at 10.5°N and 13°N appears to be dominated
by subthermocline signals, while the variability of the currents at 15.5°N and 18°N is dominated by
surface-intensified signals.

One of the dominant patterns of the tropical western Pacific ocean circulation in the upper layer is the bifurcation
of the North Equatorial Current (NEC), where the westward flowing NEC impinges upon the Philippine coast
*and bifurcates into the northward flow-Kuroshio and the southward flow-Mindanao Current (MC)"2. Over the
. past two decades, many previous studies have investigated the structure and multi-scale variability of the upper
. layer circulation in this area based on in situ observations, satellite altimetry and model outputs®. In comparison,
our knowledge of the circulation pattern below the thermocline still remains fragmentary due to the lack of
in situ observations.
Limited Conductivity-Temperature-Depth (CTD) transects during the TOGA/WOCE period suggest that
. there seems to be three countercurrents beneath the upper layer wind-driven circulation, and they are the
Luzon Undercurrent below the Kuroshio, the Mindanao Undercurrent below the MC and the North Equatorial
. Undercurrent below the NEC, even though their structures vary in different cruises*”’. Into the 21st century,
. the development of Argo floats technology provides us with an effective means to investigate the subthermo-
© cline ocean circulation®. Recent studies detected three eastward NEUC jets below the NEC using Argo data, and
: these NEUC jets are zonally coherent across the whole basin from the western boundary to the eastern Pacific®.
. Shipboard ADCP measurements also show an eastward subthermocline flow which seems to be the NEUC!*!!,
: Climatological features of the three subthermocline countercurrents and their relationships are investigated with
: Argo profiles combining with CTD data'?, and results show that the northern and southern parts of the NEUC
- are fed by the LUC and MUG, respectively. Further investigation suggests that the subthermocline circulation in
. the tropical western Pacific is comprised of two components'. On scales shorter than 400 km, there are multiple
. pairs of convergent boundary currents induced by the NEUC jets. On scales longer than 400 km, there is a mean
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Figure 1. Location of the five subsurface moorings east of Philippine (star). Color shows the bathymetry

of the western Pacific Ocean, and the bathymetry data is downloaded from https://www.ngdc.noaa.gov/mgg/
global/. Contours show the mean sea surface height from satellite altimetry (AVISO, http://www.aviso.altimetry.
fr/en/data.html). Figures are plotted using MATLAB R2010b (http://www.mathworks.com/).

northward MUC below the MC, but no LUC is observed below the Kuroshio'®. They further suggest that the
MUC and NEUC jets are formed by nonlinear interactions of meso-scale eddies'*!*. In addition, eddy-mean flow
interaction and air-sea interaction mechanisms are also proposed to interpret the subthermocline zonal jets in
the Pacific's"7.

In fact, the direct way to observe time series of the velocity profile of the currents is the mooring Acoustic
Doppler Current Profilers (ADCP) measurements. As an important component of in-situ observations of the
Northwestern Pacific Ocean Circulation and Climate Experiment (NPOCE) program, two subsurface moorings
were deployed east of Philippine at 8°N and 18°N in December 2010 to measure the western boundary under-
currents. Two-year time series of ADCP measurements confirmed the mean northward MUC below the MC
and the southward LUC below the Kuroshio, and also revealed strong intraseasonal to interannual variability of
these undercurrents'®-2. In comparison to the MUC and LUC, so far the existence of the NEUC jets has not been
confidently confirmed by time series measurements of velocity, and their variability also remains unexplored,
even though the time-mean zonal jet structures below the NEC appear in geostrophic calculations and different
numerical models®!>1422,

During September 2014-September 2015, five subsurface ADCP moorings were deployed in the western
Pacific along 130°E between 8.5°N and 18°N, and one-year time series of velocity profiles from the sea surface to
850 m were obtained. Based on these velocity records, we investigated the mean structure and variability of the
NEC/NEUC in this work. The time-mean zonal NEUC jets were observationally confirmed with time series of
velocity measurements, and their intraseasonal variability was revealed for the first time.

Data and Method

Five subsurface moorings were deployed along 130°E in the western Pacific at 8.5°N, 10.5°N, 13°N, 15.5°N, and
18°N to measure the NEC/NEUC, and the water depth is around 5,500 m (Fig. 1). These mooring sites were
selected generally corresponding to the three cores of the NEUC, according to previous geostrophic calculations
from CTD sections and Argo floats measurements”’.

These subsurface moorings were deployed in September 2014 and retrieved in September 2015. Unfortunately,
the mooring at 8.5°N was lost due to some technical reasons, and only four moorings were retrieved successfully.
For each mooring, two Acoustic Doppler Current Profilers (75-kHz) were equipped on the main float at the depth
of 400 m, looking upward and downward respectively. The ADCPs were configured to measure velocities hourly
with a standard bin size of 8 m, and two ADCPs were able to measure the velocity profile in the upper 850 m.
The measured hourly velocity data were first processed with standard quality control procedures, and then were
interpolated onto depth levels between 0 and 900 m with 10 m intervals. After that the data were daily averaged to
remove the tidal signal and then used in the following analysis.

Results
Mean velocity structure of the NEC/NEUC. Figure 2 shows the one-year time series of the daily aver-
aged velocities from mooring ADCPs at different latitudes. Owing to the surface wave-induced backscattering of
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Figure 2. Daily mean zonal (left) and meridional (right) velocities measured by mooring ADCPs at 10.5°N
(a,b), 13°N (c,d), 15.5°N (e,f), and 18°N (g,h) from September 2014 to September 2015. Black contour indicates
the zero velocity line. Figures are plotted using MATLAB R2010b (http://www.mathworks.com/).

acoustic sounds, most of the ADCPs have data blanks near the sea surface, and 50 m is probably the shallowest
depth of reliable ADCP measurements in this region. Because the ADCP at 13°N well captured the structure
and variability of the NEC and NEUC, we will describe the ADCP measurements at this site as an example. As
shown in Fig. 2c, there is a strong and stable westward-flowing NEC in the upper 300 m at 13°N during the whole
observation period. The strongest NEC appears in April 2015, and the velocity reaches —85 cm/s at the depth of
50 m. Below the depth of 300 m, there appears to be an intermittent eastward-flowing jet, and this jet seems to
be strongly associated with intraseasonal events. The zonal velocity of this jet sometimes reaches up to 28 cm/s,
and sometimes reduces to —14 cm/s due to those intraseasonal events. Similarly, the meridional velocity is also
dominated by strong intraseasonal signals. Details of the mean structure and intraseasonal variability of this jet
will be discussed in following sections.

Figure 3 shows the one-year mean zonal and meridional velocities derived from mooring ADCPs at 10.5°N,
13°N, 15.5°N and 18°N. Since the mean current in this area is dominated by the zonal component, and the mean
meridional current is nearly zero (Fig. 3e,f), we focus on the zonal current in this study. The NEC is characterized
by a strong westward flow in the upper 300 m, which appears at latitudes of 10.5°N, 13°N and 15.5°N. The max-
imum mean zonal velocity of the NEC at 10.5°N reaches —30 cm/s at about 70 m, and the standard deviation is
about 12 cm/s, indicating that NEC is a very stable current (Fig. 3a). The NEC appears to weaken northward, and
the maximum mean zonal velocity reduces to —23.5cm/s and —16.5cm/s at 13°N and 15.5°N, respectively. The
westward-flowing NEC is invisible at 18°N, and the mean current at this latitude flows eastward above the depth
of 200 m, and its maximum velocity is about 6 cm/s at 50 m depth (Fig. 3d), which is believed to be associated
with the Subtropical Countercurrent (STCC). The STCC shows very large variances with a standard deviation of
21.6 cm/s, probably being caused by strong eddy activities in that area.

Eastward subthermocline countercurrents below the NEC are observed at 10.5°N and 13°N (Fig. 3a,b), rang-
ing from about 400 m to 850 m-the deepest level reached by the ADCPs on our moorings. These eastward sub-
thermocline currents are associated with the North Equatorial Undercurrent (NEUC) jets reported by previous
studies*”°. The maximum mean zonal velocity of the NEUC observed by the ADCP at 10.5°N is around 4.2 cm/s
at the depth of 800 m with a standard deviation of 6.2 cm/s (Fig. 3a). The NEUC at 13°N is relatively weaker,
and its maximum mean zonal velocity is only 3.1 cm/s at 700 m with a standard deviation of 8.8 cm/s. Statistical
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Figure 3. Mean zonal (upper) and meridional (lower) velocities (red) measured by mooring ADCPs at 10.5°N
(a,e), 13°N (b,f), 15.5°N (c,g), and 18°N (d,h). Blue curve shows the standard deviation of the velocity, and

green line indicates the zero velocity line. Figures are plotted using MATLAB R2010b (http://www.mathworks.
com/).

significance test shows that the weak eastward mean current is below the 95% confidence level, implying that only
one-year ADCP measurements are not long enough to give a robust mean current. In addition, no eastward sub-
thermocline countercurrent are observed at 15.5°N, and the westward-flowing NEC extends from the sea surface
down to 900 m at this latitude (Fig. 3c). At 18°N, the vertical profile of the mean zonal velocity shows a very weak
westward flow below the STCC in the depth range of 200-500 m. Below 500 m, the mean zonal velocity at 18°N is
nearly zero, indicating that there is no stable zonal currents at this depth (Fig. 3d).

The mean zonal currents crossing the 130°-135°E section in the northwestern Pacific were calculated with
Argo data’, and our mooring ADCP measurements are generally consistent with the Argo results in terms of
the mean velocity and depth range of the NEC/NEUC, confirming the existence of the NEUC jets and the effec-
tiveness of the Argo data in resolving the mean structure of oceanic currents, even subthermocline currents.
Nevertheless, the ADCP-measured mean velocity of the NEC is a little stronger than the geostrophic calculation
results from Argo data, and the position of the south NEUC jet derived from Argo data seems to deviate from the
ADCP-measured jet by 1°-2°, which is probably caused by the optimal interpolation error of Argo float data or
different observation periods between the mooring data and Argo measurements. We also compared the mean
velocity profile with another recent Argo results'?, and they generally agree with each other. One significant dif-
ference is at 13°N, our results show countercurrents below 400 m, but Argo results show no countercurrents at
this latitude. The difference might also be due to the optimal interpolation error of Argo float data, or different

periods. Considering the jet-like structures of subthermocline currents, 13°N is near the boundary of the jets,
therefore meridional shifts of the jets may also produce such differences.

Intraseasonal Variability (ISV) of the NEC/NEUC. Mooring ADCP measurements not only provide
the mean velocity structure of the NEC/NEUGC, but also enable us to investigate the variability of these currents
for the first time. As shown by the velocity time series measured by the mooring ADCP at 130°E, 13°N, the NEC/

NEUC exhibits strong intraseasonal variations (Fig. 2¢,d). Similarly, the currents measured by the ADCP at other
latitudes also exhibit significant intraseasonal variability.
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Figure 4. Power Spectral Density of the zonal (upper) and meridional (lower) velocity time series at different
depths from mooring ADCPs at 10.5°N (a,e), 13°N (b,f), 15.5°N (c,g), and 18°N (d,h). Figures are plotted using
MATLAB R2010b (http://www.mathworks.com/).

To investigate these ISV signals, we calculated the Power Spectral Density (PSD) of the zonal and meridional
velocity time series at different depths using the mooring ADCP measurements (Fig. 4). The PSD of velocity at
10.5°N and 13°N generally exhibits similar features, and a protruding one is the coherent peak with the period
of 70-120 days for almost the whole water column from the sea surface down to 900 m. This ISV signal is strong
below the thermocline, and weakens upward. Statistical significance test shows that the ISV signal below the
thermocline is significant at the 95% confidence level, but the signal above the thermocline is insignificant due
to its weak strength and influences from other higher frequency fluctuations. Higher frequency fluctuations with
period of 30-50 days also exits below the thermocline, but they are below the 95% confidence level. At 15.5°N
and 18°N, the PSD distribution is significantly different from that at 10.5°N and 13°N. The dominant feature of
the PSD is multiple surface-intensified peaks with period ranging from 15 to 120 days. The strongest peak corre-
sponds to the period of 70-120 days. This signal weakens downward, and is able to reach the depth of 900 m. Peak
periods of other higher-frequency fluctuations range from 15 to 50 days, varying at different latitudes. Differing
from the 70-120 days ISV, these higher frequency fluctuations only exist in the upper 400 m. Statistical signifi-
cance test shows that the ISV with period of 70-120 days is significant only below 200 m, and ISV with period of
15-50 days is significant only above 200 m. Recent mooring observations east of Philippine also show strong ISV's
of the western boundary currents but with slightly different peak period at different locations'®!*?3. The connec-
tion of ISV's of these different currents in the western Pacific and their dynamics needs further investigations.

To better understand the ISV signal, we filtered the daily velocity time series using a 10-180 days band-pass
Butterworth filter, and the filtered velocities clearly show the vertically coherent ISV signal of the NEC/NEUC
between 0-850 m (not shown). Strong ISV signals appear below the depth of 400 m at 10.5°N and 13°N, and the
amplitude of these ISV signals reaches 20 cm/s. In contrast, ISV signals above 400 m are relatively weak, implying
that ISV signals at these two latitudes are probably caused by subthermocline processes. At 15.5°N and 18°N, the
ISV signal seems different, which is strong in the surface and weakens with depth, indicating influences from
traditional surface-intensified meso-scale processes.

To investigate the vertical structure of these ISV statistically, we calculated the empirical orthogonal function
(EOF) mode of the velocity time series measured by the mooring ADCP. The pattern and associated time coeffi-
cient of the first EOF mode are shown in Figs 5 and 6, separately. For both zonal and meridional velocities at all
four mooring sites, the first EOF mode captures most part of the total velocity variance. For zonal velocity, EOF1
explains 67%, 80%, 58% and 86% of the total variance at 10.5°N, 13°N, 15.5°N and 18°N, respectively. For merid-
ional velocity, the percentage is 88%, 77%, 73% and 85%, respectively. The statistical significance of the first EOF
mode has been verified based on the method proposed by previous studies?*. As shown in Fig. 5¢,d, the first EOF
mode of both zonal and meridional velocities at 15.5°N and 18°N seems to have similar structures. They are obvi-
ously surface intensified, and generally resemble the first baroclinic mode profile calculated with the stratification
data in this area based on vertical standing mode decomposition® (Fig. 7). Time series of the first EOF mode also
exhibits significant intraseasonal signals (Fig. 6¢,d), implying that ISV signals at these latitudes is closely associ-
ated with the first baroclinic mode and mainly reflects the variation of the thermocline. Differently, at 10.5°N and
13°N where the NEUC jets appear, the first EOF mode of the currents seems intensified below the thermocline
with the strongest signals appearing between 400-700 m (Fig. 5a,b). This vertical structure is totally different from
the first baroclinic mode, but seems to be related to the second baroclinic mode which has a similar subsurface
intensified feature below the thermocline (Fig. 7). However, the first EOF mode does not show surface-intensified
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Figure 5. First EOF mode of the zonal (red) and meridional (blue) velocity time series measured by mooring
ADCPs at 10.5°N (a), 13°N (b), 15.5°N (c), and 18°N (d). Figures are plotted using MATLAB R2010b (http://
www.mathworks.com/).

features above 200 m as the second baroclinic mode does, implying that ISV signals of the NEUC jets at these two
latitudes are probably also affected by other baroclinic modes.

Strong surface-intensified ISV signals at 15.5°N and 18°N make it possible for satellite altimeters to capture
these signals. We compared zonal geostrophic velocities derived from satellite altimetry with velocity measure-
ments at 70 m from mooring ADCP (Fig. 8). Time series measured by two independent instruments appear to
coincide well with each other. At 15.5°N, the ADCP-measured velocity leads the altimetry results by 1 day with a
correlation of 0.7 and root-mean square (RMS) of 12 cm/s. At 18°N, it leads the altimetric velocity by 3 days with
a correlation of 0.75 and RMS of 15 cm/s. These high correlations enable us to use satellite altimetry to investigate
the ISV of the currents. Satellite altimetry demonstrates that there are very strong eddy activities in this region
owing to the baroclinic instability of the currents?, and ISV signals observed by mooring ADCPs at 15.5°N
and 18°N are primarily caused by these meso-scale eddies. Obviously, ISV at these four mooring sites can be
categorized into surface-intensified mode and subthermocline mode. Even though surface-intensified ISVs at
15.5°N and 18°N have no significant correlations, they are supposed to be governed by similar mechanisms. As
mentioned above, meso-scale eddies caused by baroclinic instability of the currents are the source of these ISVs.
For the subthermocline ISVs at 10.5°N and 13°N, they are significantly correlated with each other, and the cor-
relation is 0.36. These subthermocline ISV's are believed to be associated with subthermocline eddies in this area.

Based on model outputs and a 1.5 layer nonlinear reduced gravity model, westward propagating mesos-
cale eddies caused by the breakdown of the annual mode-1 baroclinic Rossby waves are suggested to form the
time-mean NEUC jets', implying that the ISV of the NEUC jets is caused by those mesoscale eddies with first
baroclinic mode structures. However, the mooring measurements in this study revealed that the vertical struc-
tures of those ISVs vary in different regions, and the subthermocline mode seems to dominate the variability
of the currents at 10.5°N and 13°N where the NEUC jets appear. Results from an eddy-resolving ocean general
circulation model also suggest that there are westward propagating subthermocline eddies*” generated by interac-
tions between meridional shifts of the NEC, NEUC and their interactions with the topography east of Philippine,
and the propagation speed is much slower than the first mode baroclinic Rossby wave. In fact, the large standard
deviation of the vertical mode of the velocity variations in the upper 600 m implies that the vertical mode of the
variations is different in different regions, even though its basin-wide average is in the first baroclinic mode!* (see
their Fig. 4a), agreeing with our results. Generally speaking, it seems that westward propagating subthermocline
eddies may play an important role in the intraseasonal variability of the NEUC jets, and the mechanism for the
generation of these subthermocline eddies will be investigated in future studies.

Conclusion and Discussion

Based on one-year time series of ADCP measurements from four subsurface moorings deployed at 130°E in the
northwestern Pacific, the mean velocity structure and variability of the NEC/NEUC were investigated in this
study. The existence of eastward flowing NEUC jets below the NEC are confirmed for the first time with time
series of current measurements at 10.5°N and 13°N, though its mean velocity is relatively weak. The mooring
ADCP measurements also revealed strong intraseasonal variability of the NEC/NEUC with a period of 70-120
days at all four mooring sites. The vertical structure of the intraseasonal variability varies in different regions, and
the subthermocline mode dominates the variability at latitudes where the NEUC jets appear.

Several studies based on theoretical analysis or model simulations have indicated that zonal jets in the Pacific
are possibly caused by nonlinear interactions of geostrophic turbulence on the beta-plane?>?*?°. The NEUC jets
are suggested to originate from annual baroclinic Rossby waves caused by the large-scale wind forcing over the
eastern Pacific’*. Mesoscale eddies caused by the breakdown of the annual baroclinic Rossby waves propagate
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Figure 6. Time series of the first EOF mode of the zonal (red) and meridional (blue) velocity measured by
mooring ADCPs at 10.5°N (a), 13°N (b), 15.5°N (c), and 18°N (d). Figures are plotted using MATLAB R2010b
(http://www.mathworks.com/).
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Figure 7. Barotroic mode and first three baroclinic mode profiles calculated with full-depth CTD data in
the NEC/NEUC area. Figures are plotted using MATLAB R2010b (http://www.mathworks.com/).
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Figure 8. Daily zonal geostrophic velocity derived from satellite altimetry (blue) and daily mean zonal velocity
at 70 m measured by mooring ADCPs (red) at 15.5°N (a) and 18°N (b). Satellite altimetry data is downloaded
from http://www.aviso.altimetry.fr/en/data.html. Figures are plotted using MATLAB R2010b (http://www.
mathworks.com/).

westward and form time-mean zonal jets by the converging potential vorticity fluxes. Based on altimeter meas-
urements, an eddy-mean flow interaction mechanism is also proposed'®, in which the presence of the mean zonal
jets in the ocean regularizes the formation of mesoscale eddies which in return feed back to maintain the jets.
In the South Pacific, there are also subthermocline zonal jets below the South Equatorial Current, and the collo-
cated, small-scale wind forcing seems to contribute to the formation of these jets!®. According to coupled model
results'’, the subthermocline zonal jets in the South Pacific could generate fine-scale SST anomalies through the
zonal advection process in the temperature gradient area, and induce fine-scale wind stress curl anomalies that
reinforce the subthermocline jets again through the Sverdrup dynamics. However, the role of such air-sea inter-
action mechanism in generating the subthermocline zonal jets (e.g., NEUC) in the North Pacific still remains
unexplored. As mentioned in the last section, subthermocline eddy activities are very active in this area, which
may also play an important role in the formation of the mean jets through the ‘turbulent Sverdrup balance’?,
therefore it is important for future studies to investigate the interaction between the NEUC jets and the subther-
mocline eddies. In addition, it should be noted that this study is only based on mooring measurements at 130°E,
it is also necessary for future studies to examine the variability of the NEUC jets at other longitudes with more
observations or model outputs.
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