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Abstract: Using forty years (1978–2017) of Ocean Reanalysis System 4 (ORAS4) dataset, the purpose
of this study is to investigate the fluctuation of the North Equatorial Countercurrent (NECC) to the
east of the dateline in relation to the presence of three kinds of El Niño events. From spring (MAM)
through summer (JJA), we found that the NECC was stronger during the Eastern Pacific El Niño (EP
El Niño) and the MIX El Niño than during the Central Pacific El Niño (CP El Niño). When it comes to
winter (DJF), on the other hand, the NECC was stronger during the CP and MIX El Niño and weaker
during the EP El Niño. This NECC variability was affected by the fluctuations of thermocline depth
near the equatorial Pacific. Moreover, we also found that the seasonal southward shift of the NECC
occurred between winter and spring, but the shift was absent during the CP and MIX El Niño events.
This meridional shift was strongly affected by the local wind stress.

Keywords: El Niño; the NECC; east of the dateline; Pacific Ocean

1. Introduction

Situated in the low-latitude North Pacific Gyre, the North Equatorial Countercurrent
(NECC) is an eastward-flowing surface current. Its position is centered at the latitude of
~5◦ N to the west of the dateline [1,2] and further eastward, shifting toward ~7◦ N in the
eastern part of the Pacific [3,4]. The NECC plays a pivotal role in the global atmospheric
circulation since it carries on average 20 to 30 Sv (1 Sv is equal to 106 m3 s−1) of surface
water of warm pool from the western to the eastern Pacific Ocean [3,5,6]. The NECC is
closely related to the Intertropical Convergence Zone, which is crucial to the distribution of
nutrients in the tropical Pacific Ocean [7].

The dynamics of the NECC are strictly tied to the El Niño-Southern Oscillation (ENSO)
event according to the work of previous studies [1,2,8–12]. This is not surprising, as
the NECC is located at the place where the ENSO event is evoked. Satellite and ocean
simulation observations have suggested a strong magnitude and a southerly path of the
NECC west of the dateline during El Niño, whereas its position shifts to the north and is
weakened in La Niña [2,9,11]. The westerly wind associated with Rossby wave variations
is highly responsible for those occurrences. East of the dateline, El Niño’s effect on the
NECC is determined by the type of El Niño itself. Previous observations have separated
El Niño events into two different classifications depending on the anomalous pattern of
the sea surface temperature (SST) throughout the Pacific Ocean, namely the central Pacific
(CP) El Niño and the eastern Pacific (EP) El Niño [13–17]. Some researchers have proposed
that EP El Niño’s influence on the NECC was greater than that of the CP El Niño east of
the dateline [8,10,12]. During the EP El Niño, the NECC tends to strengthen and migrate
southward from the phase of development to the mature phase because of the shifting of
the curl of wind stress distribution, which leads to changes in thermocline variability.
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To date, the NECC variations east of the dateline are still an interesting topic to observe,
notably their varied reactions to the EP and CP types of El Niño events throughout the
phases of developing and maturing. Thus, in this paper, we propose an investigation of the
NECC variations to the east of the dateline using the Empirical Orthogonal Function (EOF)
approach as the analysis technique to provide a new suggestion or enhance the ideas of
previous research. We used the zonal component of the surface current from reanalysis data
for 40 years of observations to investigate their spatial and temporal variations, especially
during summer and winter, which are often referred to as the stages of developing and
maturing from El Niño, respectively [18,19]. This paper is arranged in the following way:
Section 2 explained the materials and the methods used; Section 3 contained a summary
of the experimental outcomes; finally, in Sections 4 and 5, we conclude the paper with a
discussion and conclusion, respectively.

2. Materials and Methods

The Ocean Reanalysis System 4 (ORAS4) dataset retrieved from European Centre for
Medium-Range Weather Forecasts (ECMWF) was used in this work, which spans 40 years
(1978–2017) and has a 1-degree grid resolution. These data are monthly averages of the
zonal and meridional components of the ocean surface current, extending from 4.5◦ N
to 11.5◦ N and 178.5◦ W to 70.5◦ W. The ORAS4 dataset is freely available from 1958 to
2017 and covers the entirety of the Earth. By replacing its predecessor, ORAS3, various
recent features and enhancements have been implemented in ORAS4 with respect to the
former product, such as model bias correction. For more thorough information on the data
features and specifications, see Balmaseda et al. [20] and Balmaseda et al. [21]. Moreover, to
explore the explanation of the NECC variations east of the dateline, we utilized the Ocean
Reanalysis System 5’s (ORAS5′s) 20 ◦C isotherm depth from ECMWF. The 20 ◦C isotherm
depth’s spatial and temporal resolutions are 1◦ and monthly, respectively [22].

We also used the ECMWF Reanalysis v5 (ERA5) surface wind dataset over the Pacific
Ocean, provided by the Copernicus Climate Change Service (C3S), to analyze the wind
trend during the EP and CP of El Niño. By replacing ERA-Interim reanalysis, the data
quality of the ERA5 reanalysis improved. The latitude and longitude grid resolution of
these data is a 0.25◦ × 0.25◦ grid. The outstanding details of the ERA5 data information
and specifications were provided by Hersbach et al. [23] and Molina et al. [24]. The wind
data were converted to zonal (τx) and meridional (τy) wind stress components, obtained
using Equations (1) and (2), taken from Kok et al. [25]:

τx = ρaCd(u2 + v2)
1/2

u (1)

τy = ρaCd(u2 + v2)
1/2

v (2)

where ρa is the air density (1.2 kg/m3); the drag coefficient, Cd, equaled 1.3 × 10−3, while
u indicates the zonal component of wind, and v represents the meridional component.
Additionally, Sverdrup Balance was also estimated to investigate the effects of local wind
stress in NECC variability. We determined the Sverdrup zonal transport using the follow-
ing formula [26]:

U = − 1
β

∫
(

∂τy

∂x
− ∂τx

∂y
)dx (3)

The National Oceanic and Atmospheric Administration (NOAA) optimum interpola-
tion sea surface temperature (OISST) v2 products were used in this work to compare the
horizontal distribution of the SST anomaly in the Pacific Ocean during the different types
of El Niño [27]. This data analysis employed a monthly and 1◦ spatial resolution, which
was constructed by combining numerous observations on a regular grid, such as floating
devices, satellites, and ship surveys. The Oceanic Niño Index (ONI), expressed by the
running 3-month mean SST anomaly in the Niño 3.4 region (which is approximately 5◦ N
to 5◦ S, 170◦ W to 120◦ W), was the significant indicator used to observe the variability of El
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Niño and La Niña events. The National Oceanic and Atmospheric Administration (NOAA)
supplied this index, which was operated to determine the intensity of the El Niño event.
We only observed moderate to very strong events, which were classified as follows: 1.0 to
1.4 for a moderate event, 1.5 to 1.9 for a strong event, and ≥2.0 for a very strong event.

Employing wide-area and long-time-series data for observation, the empirical orthogo-
nal function (EOF) appeared to be a tool of convenience for performing the analysis and has
been commonly used to extract the dominant variance [28,29]. The EOF analysis produced
a pair of dominant spatial patterns along with the corresponding principal component (PC)
that displayed the temporal pattern. To begin, we eliminated the annual cycle from the
data and then computed the first three EOFs for JJA, SON, DJF, and MAM of the zonal
component of the surface current to identify the dominant modes of the NECC variability
in the summer, fall, winter, and spring, respectively, over 40 years.

3. Results

We averaged the zonal velocity component of the ORAS4 to the east of the dateline
in the Pacific Ocean, which we display in Figure 1a. The eastward-flowing NECC was
denoted by the positive value of zonal velocity, which laid between the latitudes of 4◦ N and
10◦ N. This region represented the mean pathway of the NECC, which looked uniform to
the east of the dateline. Several earlier investigations reported that the NECC pathway was
broader to the west of the dateline and narrower to the east of the dateline [8,9]. Moreover,
the NECC’s average eastward velocity attained its peak between 160◦ W and 130◦ W.
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Figure 1. Mean map of (a) zonal velocity of ORAS4 surface current and (b) the corresponding
standard deviation, calculated over the period of 1978 to 2017.

The standard deviation of the zonal velocity from the ECMWF ORAS4 data is pre-
sented in Figure 1b, which was computed from January 1978 to December 2017. A large
standard deviation was observed just south of the NECC, widely known as south equato-
rial current (SEC); the standard deviation over the 40-year period was 0.4 m s−1. At the
same time, the standard deviation in the NECC region was lower (less than 0.25 m s−1).
This result suggested that in order to reduce the interference of the SEC signal, the EOF
analysis in the next figure would cover the region between the latitude of 3.5◦ N to 11.5◦ N.
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3.1. EOF Analysis

The EOF spatial patterns of the NECC for the boreal summer (only the results of the
first two EOF modes) are shown in Figure 2. The accumulative explained variance was
62.4% by the first two modes. The first mode (EOF1) explained 41.6% of the total variance.
This mode displayed a positive signal region throughout 3.5◦ N to 8◦ N that was centered
in the central Pacific. In the eastern Pacific, this signal gradually shifted northward to
9◦ N. The related time series (PC1) showed a strong association between the NECC and
ENSO events. Almost every El Niño or La Niña event caused the NECC to strengthen or
weaken, as evidenced by the positive or negative phase, respectively, in Figure 2B. A slight
difference was found by comparing the EP and CP types of El Niño. For the period of 1978
to 2017, five events of El Niño of the EP type were identified and are shown in Table 1. By
contrast, four events were recorded in the case of the CP type [30,31]. From the PC1, the
EP El Niño frequently produced a more major positive phase than the CP-El Niño (except
for the 1986/1987 event), implying that the NECC was more powerful during the EP type.
Furthermore, the second mode (EOF2) explained 20.8% of the total observations. Spatially,
the positive signal was found further southward than that of the first mode (EOF1), with
the variability maxima located in the area between 150◦ W and 130◦ W. The corresponding
PC2 showed less of a relationship to the ENSO event.
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Figure 2. Two leading EOF analyses of the zonal component of surface current for summer (JJA):
(A) spatial pattern and (B) time series of the principal component superimposed with 6 months
low-pass filtered NIÑO 3.4 index. Red and blue bars represented the NECC’s strengthening and
weakening, respectively.
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Table 1. El Niño events ranging from moderate to very strong from 1978 to 2017 and their classification based on the Niño
methods.

Type Moderate Strong Very Strong

CP El Niño 1994/1995, 2002/2003, 2009/2010 1987/1988 -

EP El Niño 1986/1987 1991/1992 1982/1983, 1997/1998, 2015/2016

The first two leading EOF modes with their corresponding time series (PC) for fall
(SON) are plotted in Figure 3, which explained 63.7% and 9.2% of the observed variability,
respectively. The first EOF pattern (EOF1) showed a similar pattern to that of the EOF1
for summer (Figure 2A), and the positive signal was found near the equator. From the
corresponding PC1, we can see roughly that the variability was very much related to the
ENSO event. Unlike the EOF1 for summer, the NECC’s reaction to the EP and CP types of
El Niño looked no different in this season. Every El Niño event produced a positive phase,
while the La Niña produced a negative phase. Moreover, the second EOF2 pattern showed
a negative signal that seemed to merge with the positive signal in the north. The associated
PC time series (PC2) exhibited that the variability after the 2000s produced the negative
phase more.
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Figure 4 shows the first two EOF modes of winter (DJF), which explained 30.3% and
11.8% of the total variance of the zonal velocity of the ORAS4 surface current. Spatially,
the first leading EOF (EOF1) was maximal near the equator and was centered between
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the longitudes of 150◦ W and 120◦ W. In the eastern Pacific, the positive signal was
found around 9◦ N, similar to the pattern that was shown in the EOF1 for summer. The
corresponding PC1 mode indicated a strong relationship to the cold event, portrayed by
the negative phase that consistently appeared in each La Niña year. Meanwhile, in relation
to the El Niño, the positive phase arose in the years 1987/1988, 1994/1995, 2002/2003,
2009/2010, 1986/1987, 1991/1992, and 2015/2016, of which the last three belonged to
the EP type of El Niño and the remainder were CP type. For the winter, these results
implied that the CP El Niño generated a relatively stronger NECC than the EP-El Niño.
This suggestion is of particular interest since the presence of three EP El Niño events was
linked to the intensification of NECC. Nevertheless, Hu et al. [17], Paek et al. [32], and
Zhang et al. [33] reported that the El Niño event of 1991/1992 and 2015/2016 were classified
as a combination of both CP and EP events, commonly known as the MIX El Niño type,
with a wide spread of the SST anomaly to the east of the dateline in the Pacific Ocean.
Perhaps for this reason, they appeared as positive phases in the PC1 variability. By contrast,
for the 1986/1987 event, Chen and Li [34] reported that the EP El Niño of 1986/1987 was a
special EP El Niño that generated strong westerly wind events in the winter and re-evolved
into a subsequent El Niño event. By contrast, the second leading mode (EOF2) showed
a positive signal further northward. The related time series (PC2) exhibited decreased
year-to-year variability beginning in the early 2000s. This result implies that the NECC
has undergone weakening in the last two decades. Furthermore, the relationship with the
ENSO event was much weaker in PC2.
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As shown in Figure 5, the spring EOF1 pattern (MAM) explained 51.1% of the overall
variance. The EOF1 exhibited a dipole spatial pattern, with the positive signal centered
at a latitude of ~4.5◦ N. In the time series, the corresponding PC1 was highly correlated
with the EP type of El Niño event. When the EP and MIX types started to develop in the
springs of 1982, 1991, 1997, and 2015, they produced an obvious positive phase. The CP
type, on the other hand, resulted in a negative phase and a minor positive phase. This
result suggests that the EP and MIX El Niño types produced a more powerful NECC than
the CP El Niño. On the other hand, in the second EOF (EOF2) mode, the zonal velocities
showed a positive-negative-positive pattern with variability maxima north of 3.5◦ N, which
only accounted for 10.5% of the total variance. The related time series PC2 denoted no
significant relationship with the ENSO event.
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3.2. Meridional Shifting of the NECC

Next, to explore the variability of the NECC to the east of the dateline over 40 years,
we plotted the zonal component as time against latitude using the meridional line at 150◦

W as a reference (Figure 6). The positive value was considered the eastward flow, showing
variations in the NECC’s path. Seasonally, an equatorward shift was observed to occur
frequently in mid-winter to spring, but this event was absent in certain years. An El Niño
event is capable of inhibiting an equatorward shift of the NECC only if certain criteria
are met.
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Figure 6. Latitude–time diagram of the zonal component of surface current at the meridional line
150◦ W, 6-month low-pass filtered NIÑO 3.4 index overlaid (blue line). Upper panel for January 1978
to December 1997 and lower panel for January 1998 to December 2017.

The absence of an equatorward shift corresponded to moderate to very strong El Niño
events, but this is not the only requirement to interfere with such a shift. The current article
classified El Niño event into three types: EP, CP, and MIX types, as suggested by a number
of prior studies [14–17,33]; however, only two forms of El Niño may prevent the NECC so
that it does not shift toward the equator, namely the CP and MIX types. Over 40 years, the
CP El Niño and MIX El Niño events occurred in the years 1987/1988, 1994/1995, 2002/2003,
2009/2010, 1991/1992, and 2015/2016. The equatorward shift did not take place during the
stage of maturing of the events of the CP and MIX types. By contrast, the NECC still shifted
toward the equator in the EP type, which was recorded in the year 1982/1983, 1986/1987,
and 1997/1998. Furthermore, in the events of 1982/1983 and 1997/1998, which fell into the
very strong El Niño category, the equatorward shift occurred earlier in the winter.

The investigation of the wind and SST distribution over the near-equatorial region of
the Pacific is critical for a better understanding of the various patterns that formed during
the three types of El Niño events. We averaged the components of wind stress and SST
over the winter for each kind of El Niño, which are displayed in Figure 7. This figure
depicts substantial variation in the distribution of SST and wind stress in the CP, MIX, and
EP types of El Niño. All kinds of El Niño were characterized by a positive anomaly of
the SST across the equatorial region of the Pacific, and the distinction was in the position
of the highest positive anomaly of the SST [14,16,17,33]. The smallest magnitude of the
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SST anomaly occurred during the CP type, with the peak located near a longitude of
170◦ W, accompanied by anomalously westerly wind stress in the southern part of the
central equatorial region. As for the MIX El Niño, the highest anomaly of the SST was
located around 20◦ further east than that of the CP type. Strong northerly and westerly
wind stress was found in the region between 180◦ E and 150◦ W. Moreover, the area of
maximum SSTA for the EP El Niño was larger and farther east than those of the CP and
MIX types, followed by a significant anomaly of northerly and westerly wind stress in the
central-eastern equatorial Pacific. This result also suggests that under all forms of El Niño,
the trade wind over the equatorial Pacific was weaker.
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Figure 7. The mean surface wind stress anomaly (vectors) with SST field (shaded) to the east of the
dateline during the winter of El Niño events of the (A) CP type, (B) MIX type, and (C) EP type.

Furthermore, to examine the relationship between wind stress distribution and NECC
variations, we computed the curl of the wind stress using the zonal and meridional com-
ponents, then performed Sverdrup balance (SB) analyses. Based on the ECMWF 0.25◦

monthly wind component of the ERA5, Figure 8 depicts a comparison of the average winter
SB in each kind of El Niño event. Significant differences were observed when comparing
eastward transport among the CP, MIX, and EP types, which is represented by a positive
value of SB. The eastward transport near 0 latitude for the CP El Niño was positioned at
~4◦ N in the central-eastern Pacific and proceeded northward at a latitude of ~7◦ N as it
approached land. The MIX El Niño’s eastward transport was found at 1◦ N in the central
Pacific and progressively migrated northward at a latitude of 3◦ N in the eastern Pacific,
while it laid at ~7◦ N in the easternmost Pacific Ocean. As for the EP El Niño, this eastward
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transport was migrated to the south of ~1◦ S in the central Pacific Ocean and stayed at ~2◦

N in the eastern Pacific. Moreover, as happened in the CP and MIX types, the eastward-flow
transport was similarly positioned around ~7◦ N latitude in the easternmost Pacific Ocean.
Thus, this SB analysis revealed the meridional shift of the eastward-flowing NECC, which
indicated good agreement with the analysis of the NECC variations in Figure 6.
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4. Discussion

The current paper investigated the NECC variability to the east of the dateline, which
was found to be closely associated with the ENSO event. We used the zonal velocity of
surface current data derived from the ECMWF from 1978 to 2017 on a regular grid with a
1◦ × 1◦ spatial resolution. We applied the EOF analysis to each season, which was broken
down into the winter (December to February), spring (March to May), summer (June to
August), and fall (September to November). Interestingly, the dominant seasonal pattern
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of NECC was obtained from this analysis. We also employed the SST data from NOAA
and the ERA5 wind data from the ECMWF.

For all seasons, the EOF analysis revealed that the NECC showed a tendency to
strengthen in El Niño, while it tended to weaken in La Niña. However, El Niño, cate-
gorized into the EP, CP, and MIX types, produced a quite different impact on the NECC
each season. For the spring and summer, which are frequently linked with the devel-
oping phase, the NECC was substantially more powerful during the EP and MIX types
compared with the CP type. By contrast, the EP type weakened the NECC during the
winter, which is often considered as the mature stage, whereas it became stronger dur-
ing the CP and MIX types. Unlike other seasons, the relatively equal impact of the EP
and CP types of El Niño on the NECC was observed during the fall season. The NECC
indicated a tendency to strengthen in all forms of El Niño. The fluctuation of isotherm
depth at 20◦ (D20) could have caused this NECC variability around the Pacific Ocean
(Figures 9 and 10), which was influenced by the wind stress distribution [35]. Through
the Ekman transport process, the summer of the EP El Niño raised the thermocline in the
northwestern Pacific while lowering it in the eastern Pacific, producing a meridional gradi-
ent of sea level, and resulted in a more robust NECC (Figure 9A). During the CP El Niño,
on the other hand, the decreased sea level gradient between the northwestern and east
Pacific led to a small strengthening of the NECC (Figure 9B). As the CP El Niño entered its
mature phase, the shoaling of the thermocline occurred in the northwestern Pacific and then
increased the meridional gradient of sea level. As a result, the NECC tended to strengthen
(Figure 10B). Moreover, for the EP type, the thermocline shoaling (deepening) took place
along the western to the central (eastern) Pacific Ocean, causing the NECC to weaken
(Figure 10A). This weaker NECC during the EP El Niño’s winter was unexpected and has
never been reported in previous studies. Additionally, the thermocline, which occurred in
the western Pacific to the east of the dateline (160◦ W), was raised in January 1983 and 1998
(Figure 11). In consequence, the NECC became weaker. However, its exact mechanism is
still undetermined; therefore, we leave for further research the investigation of how the
winter of EP El Niño could generate a weaker NECC.
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With regard to the NECC’s meridional shifting, the seasonal southward shift occurred
between mid-winter to spring, then traveled to the north in the second half of the year.
This result is consistent with Shin and Qiu [8]. We also found that the southward shift
was missing in several El Niño years, specifically the CP and MIX El Niño. During these
events, the absence of the southward shift in the CP and MIX El Niño agreed well with
the SB pattern. From the SB analysis generated by local wind stress curl, the zero contour
of the eastward transport near the equator was located between 0◦ and 1◦ S during the
EP El Niño. Meanwhile, the zero contour migrated to the north of 3◦ N and 4◦ N for the



J. Mar. Sci. Eng. 2021, 9, 1041 13 of 15

EP and MIX El Niño types, respectively. Prior studies, however, have shown the NECC’s
southward movement during the EP El Niño [8,12].

5. Conclusions

In the present paper, reanalysis data examined the NECC variations east of the date-
line and how they responded to the three types of El Niño. Our findings led us to the
following conclusions:

(1) The NECC was considerably stronger during the EP and MIX El Niño than during
the CP El Niño for the spring and summer, which are frequently linked with the
development period. During the fall, the three types of El Niño did not differ signifi-
cantly in terms of affecting the NECC’s variations. These stronger and weaker NECCs
east of the dateline are influenced by the thermocline depth oscillations across the
Pacific Ocean.

(2) Going through a mature phase, which is generally in the winter, the NECC during
the EP El Niño was weaker than the NECC during the CP and MIX El Niño. This
finding provides a new suggestion for future investigation because it has not been
documented in previous studies.

(3) The NECC shift to the south is absent during the CP and MIX El Niño events be-
cause of the local wind stress distribution. This southward shift, however, remained
apparent during the EP El Niño.

Based on the results of this study, we give a fresh suggestion regarding the influence
of the three types of El Niño on the NECC variations east of the dateline for each season.
The NECC appeared to react differently in each season to the three types of El Nino. After
thorough research, we discovered that the NECC has a propensity to steadily strengthen
from the development to the mature phase of MIX El Niño events, which has not been
accomplished before by previous research. Furthermore, the conclusions of this study
enable further investigation into the behavior of other ocean circulations in the Pacific
Ocean in response to the MIX El Niño event, for which little information is available.
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