3 frontiers ‘ Frontiers in Marine Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Fangguo Zhai,
Ocean University of China, China

REVIEWED BY
Tomoki Tozuka,

The University of Tokyo, Japan
Xiaobiao Xu,

Florida State University, United States

*CORRESPONDENCE
Fujun Wang
fujunwang@qdio.ac.cn

SPECIALTY SECTION

This article was submitted to
Marine Ecosystem Ecology,
a section of the journal
Frontiers in Marine Science

RECEIVED 19 August 2022
AccepTED 03 October 2022
PUBLISHED 25 October 2022

CITATION

Wang F, Zhang L, Feng J and

Hu D (2022) Seasonal variability

of the North Equatorial Current—
Kuroshio Current—Mindanao Current
based on observations.

Front. Mar. Sci. 9:1023020.

doi: 10.3389/fmars.2022.1023020

COPYRIGHT
© 2022 Wang, Zhang, Feng and Hu.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Marine Science

TyPE Original Research
PUBLISHED 25 October 2022
p0110.3389/fmars.2022.1023020

Seasonal variability of the North
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Utilizing the direct mooring observation along 130°E (10.5°N, 13°N, 15.5°N, and
18°N), 18°N (122.7°E, 123°E, and 123.3°E), and 8°N (127°E) and satellite data, the
seasonal variabilities of the North Equatorial Current (NEC), Kuroshio Current
(KC), and Mindanao Current (MC) were investigated. The southern part of the
NEC along 130°E, the KC along 18°N, and the MC along 8°N featured similar
seasonal cycles: that is, the currents were strong in spring and weak in autumn,
while the KC along 18°N featured another peak in winter. Moreover, the
seasonal phase of the NEC along 130°E was latitude-dependent; it advanced
slightly from 10°N to 14°N and delayed poleward. The seasonal variabilities of
the three currents were mainly controlled by local winds and Rossby waves via
a geostrophic relationship, as the mooring observation was consistent with
satellite data. The calculation shows that the local wind was dominant in the
above mentioned in-phase areas (i.e., the southern part of the NEC, KC, and
MC), while Rossby waves played an important role in the northern part of the
NEC. The results indicate that the NEC-KC-MC system had the same zonal
dynamics but different meridional dynamics across seasons.

KEYWORDS

North Equatorial Current, Kuroshio Current, Mindanao Current, seasonal variability,
Rossby waves

Introduction

Between the tropical and subtropical circulation gyres in the North Pacific Ocean, the
North Equatorial Current (NEC) flows westward and then bifurcates east of the
Mindanao Island into the northward Kuroshio Current (KC) (e.g., Nitani, 1972;
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Gordon et al., 2014; Qiu et al., 2014; Chen et al., 2015; Qiu et al.,
2017) and southward Mindanao Current (MC) (e.g., Hu and
Cui, 1991; Qu et al., 1998; Wang et al., 2016). The surface NEC is
confined within 8°N-17°N, and its northern boundary can
extend to 28°N with the increase in depth (Qiu et al., 2015).
The western boundary currents KC and MC are both limited
within 100-200 km offshore of the Luzon and Mindanao Island,
respectively (Wijffels et al., 1995; Lien et al., 2015). A part of KC
enters the South China Sea via the Luzon Strait (e.g., Chao, 1991;
Qu, 2001; Wu and Chiang, 2007; Qu et al., 2009), and the rest
flows northeastward via the east of Taiwan Island and the
southeast of Japan (Zhang et al, 2001), and finally intrudes
into the Kuroshio Extension (e.g., Joyce et al., 2001; Nakano
et al., 2013; Sasaki and Minobe, 2015). A part of the MC flows
into the Celebes Sea (e.g., Lukas et al., 1991; Ffield and Gordon,
1992), and the other turns eastward to join the North Equatorial
Counter Current. The North Equatorial Undercurrent (NEUC),
Luzon Undercurrent (LUC), and Mindanao Undercurrent
(MUC) exist beneath the NEC, KC, and MC, respectively. The
NEC-KC-MC (NKM) system plays an important role in the
mass, energy, and heat exchange between the tropical and
extratropical Pacific Oceans (Hu et al., 2015).

In the region of the NKM system, intraseasonal, seasonal,
interannual, and decadal variations occur. Studies have shown
that the interannual variabilities of the NEC, KC, and MC are
closely associated with the El Nifio-Southern Oscillation (e.g.,
Qiu and Joyce, 1992; Qiu and Lukas, 1996; Zhai and Hu, 2013).
However, the reported seasonal properties for the three currents
are inconsistent. According to model results, Tozuka et al.
(2002) indicated that the three currents exhibited similar
seasonal phases, but Qiu and Lukas (1996) showed that the
MC and KC exhibited opposite seasonal phases. Moreover,
studies have only focused on the seasonal cycle of a single
flow. Although there is a consensus that the NEC is weakest in
autumn, its strongest season remains unconfirmed. Inconsistent
peak seasons have been reported, including spring (Qiu and
Lukas, 1996; Wang et al., 2002), summer (Qiu and Joyce, 1992),
winter (Donguy and Meyers, 1996; Yaremchuk and Qu, 2004),
and a double-peak structure of winter and summer (Yan et al.,
2014). Regarding the KC, while most studies have agreed on
autumn as its weakest season, inconsistent results have also been
reported for its strongest season, including winter and spring
(Lien et al., 2014), spring (Qiu and Lukas, 1996; Yaremchuk and
Qu, 2004), and spring and summer (Qu et al., 1998; Chen et al.,
2015). Previous results on the seasonal MC are inconsistent.
Utilizing a 1.5-layer reduced-gravity model, Qiu and Lukas
(1996) denoted that the MC was strongest in autumn and
weakest in spring, but Qu et al. (1998) reported an opposite
seasonal MC cycle according to hydrological data. According to
the mooring data at 6°50'N, 126°43'E, Kashino et al. (2005)
indicated that the MC was strongest during boreal summers.

The NKM system is closely associated with the local wind
forcing and westward propagation of Rossby waves. Both the
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local and remote effects strongly influence the sea surface height
and the corresponding geostrophic flows. Zhang Z et al. (2021)
inferred that the local wind stress was a primary driving force for
seasonal surface velocity variations in the South China Sea and
other KC regions. Qiu and Lukas (1996) reported that the
seasonal variations in the KC and MC were nearly opposite
owing to the different phase speeds of the baroclinic Rossby
waves at their respective latitudes. Tozuka et al. (2002) indicated
that the Mindanao Dome was generated by local Ekman
upwelling, and the warm anomaly that propagated from the
eastern tropical Pacific played an important role in the
attenuation of the Mindanao Dome.

As mentioned above, although previous studies have explored
the three currents using numerical models and sparse observations,
the seasonal variability of the NKM is still controversial. The direct
mooring observations deployed along 130°E (10.5°N, 13°N, 15.5°N,
and 18°N), 18°N (122.7°E, 123°E, and 123.3°E), and 127°E/8°N are
suitable for investigating the seasonal variability of the three
currents and clarifying the relative contribution from local and
remote effects. The mooring, satellite, and wind data are introduced
in Section 2. Section 3 discusses the seasonal variability and
dynamics of the NKM system, and Section 4 presents further
discussion and conclusions.

Data
Acoustic Doppler current profilers

To investigate the spatial distribution and temporal
variability of the NKM system, mooring arrays were designed
along 130°E, 18°N, and 8°N (Figure 1). Four moorings were
deployed at 10.5°N, 13°N, 15.5°N, and 18°N along 130°E from
September 2014 to September 2015. Three moorings at 122.7°E,
123°E, and 123.3°E were deployed along 18°N from January
2018 to May 2020. A mooring was deployed at 127°E/8°N from
December 2010 to August 2014. The information on moorings is
detailed in Table 1.

The acoustic Doppler current profiler (ADCP) is a system
for measuring the vertical profiles of two horizontal velocity
components. In our mooring arrays, 75-kHz ADCPs were set to
collect data over 60 bins, with 8 m per bin, so that the
measurement scope was 480 m. As two ADCPs were fixed at
about 450-m depths, each mooring could receive the velocities in
the upper 900 m. Thus, the mooring data were suitable for
investigating the spatial distribution and temporal variability of
the NEUC, LUC, and MUC. The horizontal currents regularly
led to a slight slant of the mooring system, so that the real
measurement scope was less than that at perpendicular mooring.

All mooring data were subjected to quality control. The
ADCP data with a velocity of >2 m/s, inclination angle of >18°,
and percent good 0f<80% were not used. As the echoes of beam
emission are strong in the sea surface, the mooring data for the
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upper 50 m were bad and deleted. Note that the ADCP data at
13°N were good in the upper 50 m. The hourly ADCP data were
translated into daily mean to eliminate tidal signals. The
mooring data are available at the Marine Science Data Center
of the Chinese Academy of Sciences (https://dx.doi.org/10.
12157/iocas.2021.0017).

Global sea surface height dataset

The global sea surface height dataset was estimated via
optimal interpolation. Measurements from different altimeter
missions were merged. The temporal coverage was from January
1993 to December 2019, and the spatial resolution was 0.25° x
0.25°. The satellite dataset was derived from https://marine.

copernicus.eu/.

QuikSCAT wind products

The QuikSCAT wind products are produced by the NASA
Scatterometer Projects and distributed by the NASA Physical
Oceanography Distributed Active Archive Center (PO.DAAC)
at the Jet Propulsion Laboratory. QuikSCAT was launched from
California’s Vandenberg Air Force Base aboard a Titan II vehicle
on 19 June 1999, then a spatially gridded daily wind field map
was produced over the global oceans from October 1999 to
November 2009 with a spatial resolution of 0.25° x 0.25°. The
QuikSCAT wind data can be freely downloaded from http://
podaac.jpl.nasa.gov/quikscat.

Results
Mean structure of NKM

Because the KC and MC are almost parallel with the Luzon
and Mindanao Island, they can be represented by meridional
velocities (Figure 1), while the NEC is described by zonal
velocities. In this study, we set northward and eastward as
positive. The mean velocities from mooring observation are
shown in Figure 2. Generally, the NEC, KC, and MC occur in
the upper 500 m. Along 130°E, the maximum mean NEC
velocities at 10.5°N, 13°N, 15.5°N, and 18°N are —0.30 m/s
(70 m), —0.24 m/s (surface), —0.16 m/s (163 m), and —0.02 m/s
(311 m), respectively. Along 18°N, the maximum mean KC values
at 122.7°E, 123°E, and 123.3°E are 72.40 cm/s (63 m), 40.61 cm/s
(62 m), and 19.52 cm/s (115 m), respectively. At 127°E/8°N, the
maximum MC velocity is 78 cm/s at a 100-m depth. The
maximum mean KC and MC velocities are higher than the
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maximum mean NEC velocity, and the cores of the three
currents are concentrated in the upper layer. The SSH-derived
geostrophic velocity (not shown in the paper) further indicates
that the mooring at 122.7°E is close to the maximum velocity of
the KC.

Along 130°E, the maximum standard deviation of the NEC
occurs at 50 m (0.17 m/s), surface (0.21 m/s), 50 m (0.17 m/s),
and 59 m (0.22 m/s) at 10.5°N, 13°N, 15.5°N, and 18°N,
respectively. At 122.7°E, 123°E, and 123.3°E, the maximum
standard deviation of the KC along 18°N is 25.82 cm/s at a
depth of 63 m, 18.98 cm/s at 51 m, and 19.90 cm/s at 51 m. At
127°E/8°N, the maximum standard deviation of the MC is 21
cm/s at 59 m. The maximum standard deviations of the three
currents are concentrated in the upper 100 m, which suggests
that the temporal variability of the NKM is concentrated in the
upper layer. In addition, the standard deviations of the three
currents are all lower than their means, indicating that the NKM
system is stable.

The vertical scales of the KC and MC are larger than that of
the NEC, suggesting that the vertical scale of the NKM is a
spatial variable instead of a constant. With increasing latitude,
the mean NEC decreases, and the vertical scale of the NEC
increases. Similar to the NEC, the mean KC decreases and
vertically extends with increasing latitude. The NEUC, LUC,
and MUC are under the NEC, KC and MC, respectively. Along
130°E, the mean NEUC is significant at 10.5°N and 13°N but
disappears at 15.5°N and 18°N, consistent with the results of Qiu
etal. (2013). Along 18°N, the mean LUC occurs under 500 m at
18°N/122.7°E and disappears at 18°N/123.3°E. At 127°E/8°N, the
mean MUC occurs under 500 at 127°E/8°N.

Seasonal variability of NKM

The seasonal variation in the NKM was investigated using
the daily velocities obtained from ADCPs (Figure 3). The NEC
velocities at 10.5°N and 13°N are stronger in spring and summer
(exceeding 0.4 m/s in April and June) and weaker in autumn. At
15.5°N, the NEC is strong in autumn and weak in spring, which
is almost opposite to the cases at 10.5°N and 13°N, indicating
that the seasonal phase of the NEC is latitude-dependent. Note
that the westward-flowing NEC and the southward-flowing MC
are almost negative except at 18°N, since the eastward and
northward are set as positive. At 18°N, the direction of
meridional velocities changes frequently, suggesting that 18°N
is the northern boundary of the NEC.

The maximum KC velocity exceeds 1 m/s, and it decreases
eastward from 122.7°E to 123.3°E. Because the eddy activity was
strong in 2018, the eddy-induced intraseasonal signals generated
a result that the seasonal variability in the KC was not
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pronounced in 2018. In 2019, the KC was strong in spring and
summer and weak in autumn. For the MC, a summer peak
occurred in 2011, and spring peaks occurred in 2012, 2013, and
2014, denoting the interannual variation of the MC. The 4-year-
averaged mooring data indicate that the MC is strong in spring
and summer and weak in autumn. According to the above
analysis, the seasonal cycles of the NEC at 10.5°N and 13°N,
the KC at 18°N, and the MC at 8°N are almost consistent,
although the seasonal phase of the NEC at 15.5°N is
almost opposite.

To investigate the intraseasonal variability of the NKM
system, the mooring-derived zonal velocities along 130°E and
meridional velocities along 18°N and 8°N were processed via
power spectrum density (PSD) analysis. The results are presented
in Figure 4. At 10.5°N and 13°N, the 70- to 120-day signals are
coherent from the surface to 800 m, although the signals are not
homogeneous. The maximum signals are located around 400 and
700 m at 10.5°N and 13°N, respectively. At 15.5°N and 18°N, the
same-period signals are only concentrated in the upper layer and
disappeared in the lower layer. This difference is attributed to
thermocline eddies at 10.5°N and 13°N. In addition, the higher
frequencies of 30- to 50-day signals are pronounced above 200 m
along 130°E, with a northward increase in intensity. At 127°E/8°N,
the 60-day coherent peak occupies the whole water column of the
mooring measurement. In the upper 150 m, a peak occurred in the
70- to 100-day period signals, and below 500 m, 60- to 80- and
100- to 120-day signals occurred. Along 18°N, significant signals
of 50-60 and 80-100 days exist in the upper layers at all three

— e

o e Y e o T o —— o

e — = e e e

10.3389/fmars.2022.1023020

TABLE 1 Positions, total days, and corresponding periods for the
ADCPs during mooring observations.

Position No. of days Period
10.5°N/130°E 388 6 Sep. 2014-28 Sep. 2015
13°N/130°E 373 9 Sep. 2014-16 Sep. 2015
15.5°N/130°E 373 9 Sep. 2014-16 Sep. 2015
18°N/130°E 349 29 Sep. 2014-12 Sep. 2015
122.7°E/18°N 828 25 Jan. 2018-1 May. 2020
123°E/18°N 766 25 Jan. 2018-29 Feb. 2020
123.3°E/18°N 790 25 Jan. 2018-24 Mar. 2020
127°E/8°N 1367 1 Dec. 2010-28 Aug. 2014

mooring stations. In summary, intraseasonal variability is
common in the upper layer of the NKM system. In the lower
layer, the existence of intraseasonal signals is location-dependent.

In Figure 3, the daily mean velocities contain too much
intraseasonal variability, which masks the seasonal variability,
and interannual variability is significant as well compared with
seasonal variability (Figure 3H), so it is difficult to capture the
exact seasonal variations in the NKM system from Figure 3.
The satellite dataset is a good choice because the multiyear
monthly means are convenient to remove intraseasonal and
interannual variability. In this regard, the purpose of the
mooring data is really to provide the accuracy of satellite-
based observations given the similarity to satellite-based
geostrophic current. Here, satellite data of the same time
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FIGURE 1
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Bottom topography east of the Philippines. Red circles denote moorings at 10.5°N, 13°N, 15.5°N, and 18°N along 130°E; moorings at 122.7°E,
123°E, and 123.3°E along 18°N; and mooring at 127°E/8°N. The arrows represent the mean geostrophic currents from satellite data (1993-2019).
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FIGURE 2

Mean velocities (red lines) and associated standard deviations (blue lines) at (A) 10.5°N, (B) 13°N, (C) 15.5°N, and (D) 18°N along 130°E; (E) 122.7°
N, (F) 123°N, (G) 123.3°N along 18°N; and (H) 127°E/18°N. The black line indicates zero velocity. (Units are m/s.)

series (Figure 5) are compared with the mooring observation.
The satellite data and mooring observations are not well
consistent at 10.5°N/130°E but agree well at the other
stations. As depicted in Figure 2, the NEC is surface-
intensified, particularly at its southern part; therefore, the
inconsistency at 10.5°N/130°E is due to the absence of
mooring data for the upper 50 m. At 13°N/130°E, the good
data for the upper 50 m result in a much better comparison.
Thus, the daily satellite data from 1993 to 2019 are suitable for
investigating the seasonal variability and dynamics of the
NKM system.

The monthly mean zonal velocity anomalies along 130°E and
the monthly mean meridional velocity anomalies along 18°N and 8°
N are depicted in Figure 6. Notice that the stronger/weaker NEC
and MC are represented by blue/red colors, as their directions are
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defined as negative in this study. The seasonal phase of the NEC
slightly advances with increasing latitude from 10°N to 14°N and
then delays with a further increase in latitude. A double peak of the
NEC occurs at 10.5°N, while only one peak occurs at 13°N; thus, the
phase advance of the NEC is not significant south of 14°N, resulting
in the similarity between the seasonal phases at 10.5°N and 13°N:
that is, the current is strongest in spring/summer and weakest in
autumn. In the northward continuous delay process, the seasonal
phase is reversed at around 16°N, and a peak occurs in both winter
and spring at 18°N. As the main body of the NEC is concentrated
south of 14°N, the integrated NEC is strongest in spring and
weakest in autumn. The KC is strong in winter and spring and
weak in autumn, while the MC is maximum in spring and
minimum in autumn. The seasonal cycles of the southern part of
the NEC, KC, and MC are in phase, although the KC along 18°N
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122.7°E, (F) 123°E, (G) 123.3°E along 18°N and (H) 127°E/8°N. (Units are m/s.).

has the other peak in winter. The seasonal cycle of the NEC at 18°N
is similar to that of the KC, but the seasonal variation of the NEC at
8°N is distinct from that of the MC.

Dynamics of seasonal variability of NKM

As mentioned above, the main bodies of the three currents
could be considered geostrophic flows; therefore, satellite data are
suitable for exploring the dynamics. The seasonal sea surface
height anomaly (SSHa) west of 140°E is depicted in Figure 7. The
arrows represent the corresponding geostrophic currents. A
relatively higher/lower SSHa compared with the surrounding
area occurs in 123°E-127°E/15°N-20°N during January—May/
August-November and occupies the region 127°E-135°E/5°N-
10°N in September-December/March-June, respectively. As the
main bodies of the KC and MC are located in the western flank of
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these relatively higher/lower SSHas, the geostrophic relationship
indicates that the strong seasons of the KC are winter and spring,
while the MC reaches its maximum in spring and summer.
Around 15°N, a relatively higher/lower belt occurs in March-
June/September-January. The belt induces a westward/eastward
flow anomaly in the southern/northern belt area, resulting in
different seasonal features of the meridional NEC.

The spatial distribution and temporal variability of SSHa are
closely associated with the local wind forcing and westward
propagation of Rossby waves (e.g., Qiu and Joyce, 1992; Qiu and
Lukas, 1996; Qu et al., 1998). Locally, a positive/negative wind
stress curl anomaly will generate a negative/positive SSHa, which
will then propagate westward as Rossby waves; therefore, the
SSHa at the western boundary can be considered the zonal
integration of local and remote effects. To investigate the relative
contribution between local wind forcing and Rossby waves, the
linearized reduced-gravity equation is used:
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Power spectral density (PSD) of zonal velocities from ADCPs at (A) 10.5°N, (B) 13°N, (C) 15.5°N, (D) 18°N along 130°E and PSD of meridional
velocities from ADCPs at (E) 122.7°E, (F) 123°E, and (G) 123.3°E along 18°N and (H) 127°E/8°N. Units are m?/(s® cycles per day [cpd]).
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where h(x,y,t) denotes the height deviation from the mean
upper layer thickness H, Ts the surface wind stress, f s the
Coriolis parameter, 3 = % ¢ = \/g'Hys the internal wave speed,
and ¢’ = % gs the reduced gravity, where p, nd Ap denote the
seawater density in the upper layer and the density difference
between two layers, respectively.

To solve Eq. (1), the mathematical expression of the wind
forcing is necessary. Here, we choose the synthetic wind from

Qiu and Lukas (1996), which can well describe the zonal mean
wind forcing in the North Pacific Ocean.
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Egs. (1) and (2), as given by Wang et al. (2019), is
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Velocity anomalies from ADCPs (averaged in the upper 150 m) and satellite
and (D) 18°N along 130°E; (E) 122.7°E, (F) 123°E, and (G) 123.3°E along 18°N;

Where x = 0 s located at the eastern boundary of the North
Pacific Ocean, and the propagation speed of baroclinic Rossby
waves is expressed as c,=ﬁc2/f2 tang,(y)=a,(y)/b,(y) and the
wave number is represented by k This solution is valid under the
assumption limited by Eq. (2) that the wind stress curl anomaly
is longitude-independent.

The monthly mean wind stress curl anomaly is depicted in
Figure 8. In the interior ocean, the zero lines are almost parallel
with the equator, suggesting that the wind stress curl anomaly is
similar in zonal and that the above analytical model is
appropriate for analyzing the seasonal variability of the NEC.
Figure 9A shows that the seasonal wind stress curl anomaly
along 130°E between 15°N and 20°N is almost the same in
meridional; therefore, the meridional phase difference in the
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SSHa reduces to ¢, because the ¢,(y) in Eq. (3) is negligible in
this region. The poleward decrease in the propagation speed of
the Rossby waves results in northward delays in the seasonal
phase of NEC, consistent with the results in Figure 6. The
northward delay process generates a reversed seasonal cycle of
NEC at 15.5°N, and the seasonal variation at 18°N is similar to
those at 10.5°N and 13°N. Because the meridional gradient of the
propagation speed of Rossby waves decreases poleward (Chelton
et al., 1998), the northward delay process of SSHa is not
homogeneous but becomes slower, and its meridional gradient
attenuates at a higher latitude, indicating that the seasonal NEC
weakens with increasing latitude north of 15°N.

As shown in Figure 9A, the phase advance of wind forcing
from 7°N to 15°N along 130°E is significant; therefore, ¢,(y)
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(A) Mean monthly zonal velocity anomalies from satellite data along 130°E and mean monthly meridional velocity anomalies from satellite data
(1993-2019) along (B) 18°N and (C) 8°N. (Units are m/s.) The dotted lines represent the location of moorings. Note that the directions of the

NEC and MC are opposite to that of the KC.

cannot be neglected in this belt, and directly investigating the
seasonal phase using Eq. (3) is difficult. The phase advance of
SSHa is also pronounced from 7°N to 15°N along 130°E
(Figure 9B), which indicates that the local wind forcing plays a
dominant role in the south 15°N along 130°E. The phase advance
of SSHa south of 15°N is steeper than the delay process north of
15°N, suggesting that the meridional gradients of SSHa and the
associated NEC south of 15°N are stronger than those north of 15°
N, consistent with the results in Figure 6.
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Because the wind stress curl anomaly varies zonally in the
western boundary (Figure 8), the solution based on Eq. (2) is not
suitable for describing the seasonal features of the KC and MC.
To quantitatively investigate the local wind, the propagation
term (lj,—iz)% in Eq. (1) is neglected, and then the wind-driven
SSHa is derived under the transformationn = %h

n(x, y,t) :_/z(,tgi;f (k-V X Tu+'€1’ax)dt

(4)
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Spatial distribution of seasonal SSHa and associated geostrophic current anomalies (represented by arrows) based on satellite data (1993-2019)

east of the Philippines. (Units are m.).

where n(x,y,t) depicts SSHa and V = ax i+ ayJ (i,j)
represents eastward and northward; 7, denotes the wind stress
anomaly. £ p demonstrates ocean stratification. Here, we set
Ap = 0. 003The satelhte SSHa and the local wind-driven SSHa
along 8°N derived from Eq. (4) are depicted in Figure 10. As
shown in Figures 10A, B, the Rossby waves propagate westward
from the eastern boundary, and the maximum/minimum arrives
around 130°E in September/March. SSHa propagates eastward
from the western boundary to 130°E. Furthermore, the
propagation speed of SSHa between 130°E and 140°E is lower
than that east of 140°E (Figure 10B), which is inconsistent with
the results of Chelton et al. (1998), who found that the
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propagation speed of Rossby waves was larger toward the
west. Thus, the local wind forcing is important and cannot be
neglected west of 140°E along 8°N. As shown in Figure 10C,
around 127.1°E, a maximum exists in spring and a minimum
occurs in autumn. Between 131°E and 135°E, it is almost
reversed with that around 127.1°E. This reversed process
generates a westward phase advance/eastward propagation of
wind-driven SSHa from 127°E to 135°E. As mentioned above,
the satellite-derived SSHa propagates eastward from the western
boundary to 130°E. This indicates that the local wind plays a
dominant role west of 130°E. Between 130°E and 135°E, the
satellite SSHa propagates slowly westward, owing to the
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FIGURE 8

Spatial distribution of seasonal wind stress curl anomalies based on QuikSCAT products (1999-2009) in the North Pacific Ocean. (Units are 10~/

Nm™.).

eastward propagation of wind-driven SSHa and the westward
propagation of Rossby waves. In the interior ocean between 135°
E and 220°E, the seasonal phase is almost opposite to that
between 131°E and 135°E but similar to that around 127.1°E
(Figure 10D). The conflicting process (i.e., the near-opposite
phases between 135°E-220°E and 131°E-135°E) results in a slow
westward phase delay of SSHa, and consequently, the wind-
driven SSHa propagates slowly toward the west from 140°E to
130°E. The lower propagation speed of the local wind-driven
SSHa and the higher speed of the westward Rossby waves result
in a slower westward propagation of the satellite SSHa from 140°
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E to 130°E, consistent with the results in Figure 10B. When the
SSHa signals arrive at 140°E, the SSHa westward propagation
will slow down between 130°E and 140°E and stop at around
130°E, owing to the local wind effect. Thus, the local wind is
dominant west of 130°E and plays an important role between
130°E and 140°E. The SSHas forced by the wind stress curl
anomaly and the zonal wind stress anomaly along 8°N are
depicted in Figures 10E-H and, respectively. The former is
larger than the latter; therefore, the wind stress curl anomaly is
more important than the zonal wind stress anomaly along 8°N in
Eq. (4).
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SSHa in the continuous positive belt of the SSHa in meridional

The wind stress curl anomaly along 8°N (Figure 11A)
features a comparable reverse process to the wind-forced SSHa
(Figure 10D). This confirms that the spatial and temporal
variabilities of wind-driven SSHa are mainly determined by
that of the wind stress curl anomaly along 8°N at the western
boundary. The local wind-driven meridional flow anomaly is
calculated (Figure 11B) to be strongest in spring and weakest in
autumn, and its core is distributed between 127°E and 128°E,
consistent with the results from satellite data (Figure 6C). The
wind-forced MC is considerably larger than the observation,
which suggests that the Rossby waves, non-linearity, and other
factors attenuate the wind-driven MC.

As shown in Figures 12A, B the spatial distribution of
satellite SSHa along 18°N west of the dateline is quite different
from that in the east side, and the westward intensification is
pronounced west of the dateline. This indicates that the local
wind plays an important role in the KC region. The local wind-

Frontiers in Marine Science

15°N

12

L 3
0.05

20°N 25°N 30°N

),

along 130°E (units are m). The green line denotes the maximum

driven SSHa along 18°N, calculated from Eq. (4), is depicted in
Figures 12C, D. The wind-driven SSHa along 18°N is smaller
than that along 8°N, owing to the inverse relationship between 1
and fn Eq. (4). East of 122.8°E, the wind-driven SSHa is positive
from February to August and negative in the remaining months.
The similar zonal phase indicates that there is almost no
propagation of the wind-driven SSHa along 18°N in the
interior ocean. West of 122.6°E, the seasonal phase is reversed,
which results in the generation of a large zonal gradient of wind-
driven SSHa and an associated meridional current anomaly. As
shown in Figure 13A, the calculated wind-driven KC is strongest
in spring and weakest in autumn, and its variability mainly
occurs west of 123°E, consistent with the seasonal KC from
satellite data (Figure 6B). Similar to the wind-driven MC, the
wind-driven KC velocity is higher than the satellite data, owing
to the adjustment from Rossby waves, non-linearity, and other
factors. In addition, the SSHas along 18°N forced by wind stress

frontiersin.org


https://doi.org/10.3389/fmars.2022.1023020
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al. 10.3389/fmars.2022.1023020
A B . R
D D — Sa:ellllte SSHa along 8°N
0 o) '
A A
J NE ‘
A Ad_ |
F F1 Y
127°E 131°E 135°E 140°E 160°E  180°E 200°E 220°E 240°E 0.1
c D , . Wind-driven SSHa along §°N .
D D T T TV
o , of el
J REIRL R m“'v’,mw " 0.05
A a1 ! ' { i
F F 1
127°E 131°E 135°E 140°E 160°E 180°E 200°E 220°E 240°E 10
ED FD- Wingd-driven SSHa along 8°N from wind stress cutl anomaly
0 JLER 0l Ji
A A+ -
J v J1 . m“----o.os
A A+ -
F F 1 -
127°E 131°E 135°E 140°E 160°E 180°E 200°E 220°E 240°E
G p Hp Wind-driven SSHa along 8°N from zonal wind stress anomaly -01
o) O -
A A+ -
J J A -
A .
F L
127°E 131°E 135°E 140°E 160°E 180°E 200°E 220°E 240°E
FIGURE 10

Longitude—-time diagrams of seasonal SSHa along 8°N from satellite data (1993-2019) (A) along the western boundary and (B) in the North
Pacific Ocean. Diagrams of wind-driven SSHa along 8°N based on QuikSCAT products (1999-2009) calculated from Eq. (4) (C) along the
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curl anomaly and zonal wind stress anomaly are shown in
Figures 12E-H respectively. Similar to the case along 8°N, the
wind stress curl anomaly term is larger than the zonal wind
stress anomaly term. The degree of similarity between
Figures 13D, F is higher than that between Figures 10D, F,
indicating that the relative contribution from wind stress curl
anomaly term along 18°N is larger than that along 8°N; thus, the
relative contribution from wind stress curl anomaly term
increases poleward, which is expected, considering that the
Coriolis parameter is in the denominator of the zonal wind
stress term in Eq. (4).

The wind stress curl anomaly along 18°N is shown in
Figure 13B. Generally, the negative/positive wind stress curl
anomaly occupies east of 122.8°E in the first/second half of the
year. In comparison, the seasonal phase is almost reversed west
of 122.6°E, resulting in the generation of a large zonal gradient
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of wind-driven SSHa and associated variability of KC. The
seasonal phase of wind forcing is not well consistent with that
of the wind-driven SSHa, as the latter is derived by the
integration of the former according to Eq. (4). Interestingly,
the longitude-time diagram of the wind stress curl anomaly at
the western boundary along 18°N (Figure 13B) is almost
opposite to that along 8°N (Figure 11A); consequently, the
northward KC and the southward MC exhibit similar
seasonal variation.

Conclusion and discussion

Utilizing the direct mooring observations along 130°E, 18°N,
and 8°N and satellite data, the seasonal variability and dynamics
of the NKM are discussed. Three currents were generally located
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(A) Longitude—time diagram of seasonal wind stress curl anomaly along 8°N based on QuikSCAT products (1999-2009) (units are 10~/ N m™>),
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and (B) associated longitude—time diagram of seasonal wind-driven MC along 8°N (units are m/s).

in the upper 500 m, and the vertical depths of the KC and MC
were greater than that of the NEC. The NKM system was stable,
as the standard deviations of the three currents were less than
their means. The maximum standard deviations of the three
currents were concentrated in the upper 100 m, indicating that
the variability of the NKM was concentrated in the upper layer.
The PSD analysis revealed that the intraseasonal signals of the
NKM were common in the upper layer. Zhang et al. (2017)
revealed that the vertical structure of intraseasonal variability
along 130°E varied with latitude. Wang et al. (2022) indicated
that the atypical seasonal variability of the KC in 2018 was due to
the strong intraseasonal signals generated by eddy activity.
Along 8°N, subthermocline eddies translated westward and
intensified near the Mindanao coast, generating intraseasonal
signals over 60-80 days at 127°E/8°N (Zhang et al., 2014).

The seasonal variability of the three currents was
investigated using mooring and satellite data (Zhang L. et al,
2021). The MC along 8°N was strongest in spring and weakest in
autumn. Qu et al. (2008) showed that the ratio of the semiannual
to annual variation at 100 m was ~0.8 at 6°50'N/126°43’E. The
annual signals were more than 6 cm from 5°N to 10°N along the
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western boundary, while the semiannual variation was confined
within about 5° of the equator. At our mooring station 127°E/8°
N, the ratio reduced to about 2 to 6; thus, the semiannual signals
were significant (Figure 4H) but not stronger than the annual
signals at 127°E/8°N. The KC along 18°N was maximum in
winter and spring and minimum in autumn. Interestingly, the
seasonal NEC was latitude-dependent. Along 130°E, it was
stronger in spring and weaker in autumn at 10°N; then, the
seasonal phase slightly advanced from 10°N to 14°N and delayed
northward. Around 16°N, the maximum NEC occurred in
autumn, and a peak existed in both winter and spring at 18°N.
Because the main body of the NEC was located south of 14°N
and was maximum/minimum in spring/autumn, the seasonal
phase of the three currents was generally in phase, while the KC
featured another peak in winter.

The seasonal variability of the NKM system was closely
associated with the local wind and Rossby waves. The positive/
negative local wind stress curl anomaly generated a negative/
positive SSHa and an associated anticyclonic/cyclonic flow
anomaly. The wind-forced SSHa propagates toward the west
as Rossby waves (e.g., Qiu and Lukas, 1996; Qu et al., 1998).
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Longitude—time diagrams of seasonal SSHa along 18°N from satellite data (1993-2019) (A) along the western boundary and (B) in the North
Pacific Ocean. Diagrams of wind-driven SSHa along 18°N based on QuikSCAT products (1999-2009) calculated from Eq. (4) (C) along the
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along the western boundary and (H) in the North Pacific Ocean. (Units are m.).

Thus, the observed SSHa can be considered the results of local
winds and Rossby waves. Because the velocities derived from
mooring observations along 130°E, 18°N, and 8°N were
consistent with those derived from satellite data, the effects of
non-linearity and the friction term were much smaller than the
effects of the local wind and Rossby waves. Lien et al. (2014)
indicated that the geostrophic relationship well describes the KC,
except for the upper 100 m of the western flank of the KC.
Along 130°E, the seasonal phase of SSHa from satellite data
was latitude-dependent. It delayed from the equator to 7°N and
from 15°N to 30°N but advanced from 7°N to 15°N. In
comparison, the seasonal phase of the wind stress curl
anomaly advanced from the equator to 30°N. The phase
similarity between local wind and SSHa from 7°N to 15°N
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indicates that the local wind was dominant in this region.
North of 15°N, the out-of-phase relationship between the local
wind and SSHa denotes that the Rossby waves played an
important role in the northern part of the NEC. Similar to the
seasonal variation, Huang et al. (2022) reported that the phase of
the interannual variation of the NEC delayed with increasing
latitude, with the signal at 15°N lagging that at 8.5°N by about 1
year. The NEC was strengthened with the weakening NEUC,
and the NEUC at 8.5°N was intensified during the mature phase
of El Nino and reached its maximum during the decay phase of
El Niio.

The wind stress curl anomaly behaviors along 8°N and 18°
N were similar; that is, the seasonal phase along the western
boundary was opposite to that located farther away in the
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(A) Longitude—time diagram of seasonal wind-driven KC along 18°N (units are m/s), and (B) longitude—time diagram of seasonal wind stress curl
anomaly along 18°N based on QuikSCAT products (1999-2009) (units are 10~ N m™).

east. This resulted in the generation of a strong gradient of
wind-driven SSHa and an associated current anomaly on the
western boundary. A comparison of the mooring and satellite
data revealed that the local wind-forced meridional flow
anomalies along 8°N and 18°N well reproduced the seasonal
phases of the MC and KC, indicating that the local wind
played a dominant role in the seasonal variability of the MC
and KC. In addition, the wind-forced currents were both
larger than the observation, attributable to the adjustment of
the Rossby waves and other factors, such as nonlinearity
and friction.

In summary, the seasonal variabilities in the southern part of
the NEC along 130°E, the KC along 18°N, and the MC along 8°N
were similar. In the northern part of the NEC along 130°E, the
seasonal cycle delayed with increasing latitude. In the zonal
NKM, the local wind played a dominant role in the seasonal
variability of the KC and MC via a geostrophic relationship. The
seasonal cycle of the meridional NEC was mainly controlled by
local/remote effects in the southern/northern part.
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