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EREC] 1 997 50
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Hoh 1 8.4%10™ 100

& 5 440 100

ORI 1 0.15 2650 -56.2

ORI T 2 0.2 2650 66. 6

ORI 3 0.25 2650 1.24

KR (847 | 0.2 700-1200 1.47C p =700
) kg/m’)

2.51 ( p =1200




kg/m®)
KR (ki | 0.2 23502450 | 4.92 ( p =2350
AT A kg/m’)
5.13 ( p =2450
kg/m%)
KR (A& | 0.2 2700-3200 | 5.6 ( o =2700
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fma ) 6.7 ( o =5200
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Tl Bohm 7 VAR LTz, KA, wPkiv-. kLKL
TIIHHIER OB LT CH Y . 0 3 FEORL 1%
R CHUMRECAd 22 D 2 LR EXHND, DT,
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The North Equatorial Countercurrent reaction to three types of El
Nifo, in the west of dateline
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Senbaru 1, Nishihara-cho, Nakagami-gun, Okinawa 903-0213

1. Introduction

The North equatorial countercurrent flows
eastward over the Pacific Ocean and is found
in latitudes ranging from 2°N to 8°N in the
west of dateline. The NECC's main body
location in the western Pacific Ocean is further
south and shallower than the eastern part
(Johnson et al., 2002; Zhao et al., 2016). The
NECC, which is located in the Equatorial
Pacific Ocean, plays a significant role in the
eastward propagation of warm water. The
NECC transports 18-24 Sv of water to the
Eastern Pacific Ocean on average (Chen et al.,
2016; Webb, 2017). The location of NECC
flow in the Western Pacific Ocean is
significantly related with the emergence of the
Mindanao Eddy, located approximately 7°N
and 130°E, and the Halmahera Eddy, located
around 4°N and 135°E. The magnitude of the
NECC is affected by changes in sea surface
height (SSH) between those two eddy zones.

According to prior research, the NECC
dynamics are inextricably linked to the El Nifio
Southern Oscillation (ENSO) phenomenon
(Hsin et al., 2012; Zhao et al., 2013; Chen et
al., 2016; Wijaya and Hisaki, 2021). This is not
surprising given that the NECC is located in
the area where the ENSO event takes place. El
Nifio's influence on the NECC west of the
dateline is governed by the nature of El Nifio.
Previous studies have classified El Niio
occurrences into three categories based on the
unusual pattern of sea surface temperature
(SST) over the Pacific Ocean, namely the
central Pacific (CP) El Nifio, the eastern
Pacific (EP) El Nifio and mixture both of EP
and CP (MIX) El Nifio (Zhang et al., 2019;
Pack et al., 2017; Hu et al., 2016; Kao et al.,
2009; Yeh et al., 2009; Kug et al., 2009; Ashok
et al., 2007). Several prior research have
looked at the behavior of NECC on the El Nifio
occurrence with EP and CP types (Tan and
Zhou, 2018; Wang and Wu, 2012), but it is still
uncommon to find it with MIX types and the
impacts delivered in each season. Therefore,
the primary goal of this study was to examine
the reaction of NECC to three types of El Nifio
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occurrences in each season. We investigated
the spatial and temporal fluctuations of the
zonal component of the surface current using
reanalysis data from 40 years of observations.

2. Data and methodology

To monitor the variability of the NECC
flow, this experiment used monthly zonal
current (0-100 m) from the Ocean Reanalysis
System 5 (ORASS) dataset sponsored by the
European Centre for Medium-Range Weather
Forecast (ECMWF). The data ranged from
1978 to 2017 (Zuo et al., 2018).

The Oceanic Nino Index (ONI), which is
calculated as the running threemonth mean
SST anomaly in the Nino 3.4 region (about
5°Nto5°S,170 °W to 120 °W), was the main
indicator used to detect the variability of El
Niflo and La Nina occurrences. This index was
provided by the National Oceanic and
Atmospheric Administration (NOAA) and was
used to determine the intensity of the El Nifio
event (Reynolds et al., 2002). Only moderate
to very strong events were observed.

Tabel 1. El Nifio events ranging from moderate to very
strong from 1978 to 2017

Magnitude EP CP MIX
Moderate 1986/1987 1994/1995, -
2002/2003,
2009/2010
Strong 1987/1988 1991/1992
Extreme 1982/1983, 2015/2016
1997/1998

Using wide area and long time series data
for observation, the empirical orthogonal
function (EOF) seemed to be a useful tool for
carrying out the analysis and has since been
widely utilized to extract the dominating
variance (Hannachi et al., 2007). To begin, we
removed 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 across 40 years.

3. Results and Discussion
The NECC's major channel is centered



about latitude 5°N in the upstream area on
average, but as it goes eastward, its path
gradually moves to the north of 6N around the
dateline. The typical NECC channel in the
western Pacific, on the other hand, travels
quite close to the latitudes of 0.5°N to 8.5°N
(black line in Figure 1), and this range would
be chosen for EOF analysis to reduce
interference from the other signal.
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Figure 1. Mean map of (A) zonal velocity of ORASS5
and (B) the corresponding standard deviation,
calculated over the period of 1978 to 2017.

3.1. Spring (MAM)

The first mode of zonal current (EOF1)
accounted for 47.1 percent of the overall
variance. Geographically, the NECC is
situated about latitude 4°N, with its maximum
located around longitude 170°E. This indicates
that the NECC has a stronger inclination to
travel slightly south than usual this season.
According to the NINO 3.4 index, the flowing
NECC fluctuation has a considerable
relationship with the ENSO, according to the
related time series PC1 (black line). When the
NINO 3.4 index is positive, a positive phase
representing the intensification of the NECC

flow almost usually occurs.
EOF1
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Figure 2. First leading EOF analyses of the zonal
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current for spring (MAM): (A) spatial pattern and (B)
time series of the principal component (PC)
superimposed with 6 months lowpass filtered NINO
3.4 index. Red and blue bars represented the NECC’s
strengthening and weakening, respectively.

The maximum amplitude came in the first
year of the 2015/2016 MIX event, followed by
a substantial negative phase the following year.
It is quite difficult to assess which episode
delivers a greater NECC magnitude, CP or EP
episode. Furthermore, the EP episodes in
1982/1983 and 1997/1998 both resulted in a
rather significant negative phase the following
year. Overall, every EN event has a positive
phase-amplitude in the first year and a negative
phase-amplitude in the second year, except
1987/1988 CP episode.

3.2. Summer (JJA) and Autumn (SON)

According to the geographical pattern for
summer, the magnitude of this mode's
eastward flow is highest near the upstream area
in the longitude region of 135°E to 150°E and
meridionally situated at 4°N. The zonal current
distribution for autumn indicates that the
NECC is located farther south, near latitude
3°N. Unlike in the summer, the largest
magnitude of the NECC is reported east of
140°E and around the dateline.

EOF1
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Figure 3. Same as Figure 2, but for summer (JJA).

1990 2000 2010

According to the PC time series during the
summer and fall, PC1 appears to have a strong
relationship with the NINO index. The
findings are substantially same when
comparing the amplitude induced by each type
of EN, summer and spring. Two MIX EN
episodes consistently provide significant
positive phase outcomes, but EP and CP



episodes alternatively produced stronger or

weaker amplitude consequences.
EOF1

| 48.8%

10N

T

T T
130E 140E 150E 160E 170E

T

F’C‘1 ‘ 48.8%

Amplitude

1980 1990 2000 2010
Figure 4. Same as Figure 2, but for autumn (SON).

3.3. Winter

The geographical distribution of eastward
flow approaches the equator, with the center in
the upstream area at around 2°N latitude and
fluctuation maxima between 130°E and 145°E.
The NECC will then likely drift slightly to the
north along the dateline as it enters the central
Pacific.

EOF1 28.3%
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Figure 5. Same as Figure 2, but for winter (DJF).

According to the accompanying time
series PC1, the eastward-flowing NECC
fluctuation has a highly substantial
relationship with the ENSO (black line). The
four highest positive phase values were
obtained during the CP and MIX EN episodes,
especially in 1991/1992 and 2015/2016 for the
MIX episode, 1994/1995, and 2009/2010 for

the CP episode, out of the nine EN occurrences.

3.4. Eastward transport
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The EOF analysis results provide some
critical information about the relationship
between the NECC flows and the EN event.
Nonetheless, distinguishing whether the
greater NECC magnitude was produced by the
CP or EP event is exceedingly difficult,
particularly from spring to autumn. For that
reason, Figure 8 displays the monthly average
quantity of eastward transport that happens in
each type of EN.
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Figure 6. The monthly average eastward transport
from 1°N to 9°N.

MIX episodes are more consistent,
leading in the greatest eastward flow from
development to peak. The EP episode appears
to have a greater eastward flow than the CP
episode in the early phases of development.
When the developing stage finishes and the
mature stage begins, however, the CP episode
appears to cause a stronger eastward flow.

4. Summary

1. When compared to EP and CP episodes,
MIX EN episodes had the greatest NECC
magnitude from development to peak phase.

2. Throughout the development stage, EP EN
episodes typically generated greater NECC
magnitude than CP EN episodes. CP EN,
on the other hand, is detected more
frequently during the peak phase, resulting
in a larger NECC magnitude.

3. The magnitude of the NECC decreased
drastically as it neared spring one year after
the EP and MIX episode's growth period.
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1. Introduction

The arbitrarily erratic climate variability impacts all
aspect of life on earth. The most observable tendency is sea
level and temperature changes. Sea level change modeling
is widely used to evaluate coastline and climate changes.
Seasonal variability of the sea is mainly related to
meteorological factors (atmospheric pressure, wind,
evaporation, and precipitation), water balance (river runoff),
evaporation, and topography and water density alterations.
Sea level change is not geographically uniform. Therefore,
a precise estimation of sea level change is imperative for
controlling its impact on coastal regions (Pajak and
Kowalczyk, 2019).

The Strait of Malacca is an area of significant. It is a
narrow stretch of water bordered by the Malaysia Peninsula
and east coast of Sumatra linking the Indian and Pacific
Ocean via the South China sea. Climate anomaly may affect
the area in the surrounding Strait of Malacca where the sea
level anomaly (SLA) is supposed to be controlled by several
climatic factors such as the Indian Ocean Dipole (IOD) and
El-Nino Sothern oscillation (ENSO). Therefore, it is
essential to determine the amalgamated influence of 10D-
ENSO on SLA detected in the equatorial Malacca Strait
since many previous studies-related to sea level rarely
examined the climatic factor influences. This study will
elucidate the correlation between SLA and several climatic
factors that potentially play a significant role in shaping the
fluctuation of sea level in the Malacca strait.

2. Data and Analysis

The approximately 27-year SLA data (1992-2019)
measured from Altimetry satellite and tide gauge were
retrieved from The Sea Level Explorer established by
University of Colorado Boulder, University of Hawaii Sea
Level center and NASA Jet Propulsion Lab, web page:
https://ccar.colorado.edu/altimetry/. While, to compare the
annual record of sea level, another source of long-term tide
gauge measurement was employed, namely Permanent
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Service for Mean Sea Level (PSMSL), web page:
https://www.psmsl.org/data/. The location of tide gauge
survey used in this study is shown in Table 1.

Table 1. Tide gauge survey coordinates

Location Longitude | Latitude | Coverage
year

Tanjong Pagar | 103.9167 | 1.2500 1992-2019
(Singapore)

Raffles Light | 103.7500 | 1.1667 1973-2020
House

(Singapore)

Kukup 103.4428 | 1.3253 1986-2018
(Malaysia)

To evaluate the influence of climatic factors on SLA,
we used the Dipole Mode Index (DMI) and Southern
Oscillation  Index  (SOI) data  retrieved from
https://psl.noaa.gov/data. On the other hand, as an equatorial
region, Madden Julian Oscillation (MJO) might play a role
in determining anomaly in sea level. The real-time
multivariative (RMM) index was retrieved from
http://www.bom.gov.au/climate/mjo/.

A linear regression method was employed to define the
velocity estimation of SLA at designated times in the form
of time series, so that SLA forecasting is possible for other
periods. Furthermore, a simple correlation analysis was also
used to examine how strongly two variables are related to
each other. In this case, a correlation analysis between SLA,
DMI and SOI was performed.

3. Results

Figure 1 shows the SLA profile over 27 years in the
equatorial Malacca Strait. Overall, the value SLA surveyed
by altimetry and tide gauge showed a similar fluctuation
over times. However, the arbitrarily erratic profile of SLA
detected from altimetry data was observed since in the
middle of 2012 up to 2018. Both altimetry and tide gauge



data showed an upward trend over 27 years with 0.24
cm/year and 0.39 cm/year, respectively. The annual
amplitude detected was not too different with an enormity of
0.5 cm. By contrast, the semi-annual amplitude detected by
tide gauge measurement was 0.66 cm higher than Altimetry
data (Table 2).

Of particular concern, the SLA trend tended to decline
over the latest 10 years (2009-2019), even though the trend
was not too significant. The decline trends were -0.18
cm/year and -0.03 cm/year for altimetry and tide gauge data,
respectively (Table 2). However, the annual and semi-
annual amplitudes were similar. Despite the problematic
comparison between altimetric and tide gauge SLA due to
the difference vertical reference system, many review papers
have explained the efforts to validate sea level derived from
satellite altimetry with tide gauge data (Pajak and
Kowalczyk, 2019).

Table 2. Sea level trend over the period of study

Observation 19922019 2009-2019
Period
. Tide . Tide

Source Altimetry gauge Altimetry gauge

0.24 0.39 -0.18 -0.03
Trend

cm/year | cm/year | cm/year | cm/year
Annua}l 12.96 cm 13.46 12.53 om 13.73
Amplitude cm cm
Semi-
Annual 1.82cm | 250cm | 229cm | 2.38 cm
Amplitude

Monthly comparison between SLA and DMI-SOI is
shown in Figure 2. Overall, the response of SLA in the
equatorial Malacca Strait caused by IOD and ENSO varied
considerably. The strongest symptoms of SLA were
commonly observed during the northeast monsoon over the
period od 1992-2019. Higher sea level generally correlated
with negative dipole mode and positive SOI value. Positive
mode of IOD induces higher air pressure centered in the
Indian Ocean and vice versa for the negative phase of 10D,
triggering the easterly wind to flow westward and higher sea
level in the western Indian Ocean (Rahmawan and Wisha,
2019). These mechanisms possibly impact the Malacca strait
channel via the Bay of Bengal even though the influence is
not too significant. Another study (Liu et al., 2011) defined
the ENSO-related SLA predomination in the South China
Sea during certain periods. However, the influence becomes
less significant at 8-month lag time. This statement triggers
a consideration that the ENSO-driven SLA is probably
insignificant.
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To prove those hypotheses, we initiated a correlation
analysis between SLA vs DMI (Figure 3) and SLA vs SOI
(Figure 4). Overall, the seasonal comparison between SLA
vs DMI and SLA vs SOI was weakly correlated with a very
low correlation value (R?<0.1). This indicates that the
climatic factors (IOD and ENSO) did not solely control the
variability of SLA in the equatorial Malacca Strait.

Several sampling periods were chosen to depict the
possible influence of MJO on shaping the SLA profile
(Figure 5). The possibility of MJO-determined the
significant phase of SLA denoted in Figure 2 was
sufficiently high. Except for June 1994 and September 1997,
the strong influence on SLA during the northeast monsoon
(mainly in December) where the positive value of RMM2
showed the robust influence of MJO on triggering
evaporation in the maritime continent (Virts et al., 2013),
affecting SLA in the Malacca Strait.

Summary

An upward sea level trend was observed in the Malacca
Strait over 27 years of observation. However, a little decline
trend was identified during the latest ten years. The IOD and
ENSO did not solely control the variability of SLA shown
by a weak correlation between SLA vs DMI and SLA vs SOI.
While the MJO showed a strong influence during the
northeast monsoon, possibly affecting higher SLA through
MJO-driven evaporation in the maritime continent.
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Figure 1. Sea level anomaly derived from Altimetry vs tide gauge measurement (RMSE=0.788 cm)
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Figure 3. Correlation analysis of SLA vs DMI over the
period of study
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