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Abstract: The ocean region off the Sangihe-Talaud Islands (STI) is pivotal because it provides a pathway
for the Indonesian Throughflow and is situated in the epicenter of global marine biodiversity. However, until today
sea surface variability of the region is poorly studied due to lacked long-term in situ measurements. The present
research aims to elucidate the seasonal and interannual variability of surface winds and the effect of 2015 EI Nifo-
Southern Oscillation (ENSO) and 2019 Indian Ocean Dipole (I0D) on the ocean surface off the STI by analyzing
long-term datasets (2007-2019) of satellite-derived sea surface wind, sea surface temperature (SST), and surface
chlorophyll-a concentration. The present research serves as the first investigation on the mesoscale atmosphere-
ocean interaction in the region. It aims to provide a better understanding of the sea surface dynamics of the STI.
Results show that the prevailing northeasterly and southerly winds over the STI waters induce SST cooling and
phytoplankton bloom. Furthermore, our correlation analysis revealed that the ENSO plays a dominant role in
affecting sea surface conditions off the STI than the 10D, presumably due to its proximity to the Pacific Ocean. This
inference is also supported by anomaly analysis that shows robust effects during the climate extreme events of 2015
compared to 2019. Collectively, the results of this research highlight the importance of extreme climate events in
shaping ocean conditions.

Keywords: wind, chlorophyll-a, El Nifio-Southern Oscillation, Indian Ocean Dipole, Sangihe-Talaud
Islands.
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1. Introduction

Sea surface winds play a pivotal role in regulating
ocean surface conditions in the Indonesian Seas.
Typically, the northwesterly (southeasterly) winds exert
downwelling (upwelling) in many coastal areas in the
Indonesian Seas, as indicated by high (low) sea surface
temperature (SST) [1-3]. Variability of the wind is
principally influenced by the Australian Indonesian
Monsoon (AIM) system, which generates the
prevailing of northwesterly winds during Northwest
Monsoon (from December to March) and the
southeasterly winds during Southeast Monsoon (from
June to September) [4]. The northwesterly winds blow
from the Eurasian continent, bring warm and moist air
to Indonesia, and cause heavy rainfall over the region.
The southeasterly winds blow from the Australian
continent, carry warm and dry air to Indonesia, and
induce a dry season [4]. Furthermore, sea surface
condition of the Indonesian Seas is also modulated by
the El Nifo-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD), i.e., the sea surface
experiences strong wind forcing during El
Nifio/positive IOD year and weak wind forcing during
La Nifa/negative IOD year [1], [5-7]. Hence,
examining the variability of the AIM winds and their
effect on the sea surface is essential for the Indonesian
fisheries management areas’ marine and coastal
resource management.

The Sangihe and Talaud Islands (henceforth STI)
are situated in northeastern Indonesia and comprise 105
islands [8]. The Ocean region off the STI serves as a
fishing hotspot for commercial fishes [8]. The STI
waters are characterized by complex bathymetry. They
are connected to the Pacific Ocean in the east, the
Sulawesi Sea in the west, the Philippines waters in the
north, and the Maluku Sea in the south (Fig. 1).
Moreover, the ocean region off the STI is crucial
because it provides a pathway for water mass transport
from the Pacific Ocean to the Indian Ocean, known as
the Indonesian Throughflow [9]. Also, it is located in
the heart of the Coral Triangle, one of the most diverse
sites due to its high species richness of plankton coral,
demersal fish, and sea turtle [10-11]. From a socio-
economic perspective, this biodiverse region provides
food resources and tourism services for the people who
live in its coastal areas. So far, the importance of

coastal and marine resources off the STI has been well
defined. However, physical forcing like monsoon wind
that controls oceanographic conditions off the STI is
poorly constrained due to a lack of long-term in situ
measurement. This wind may have played a substantial
role in sustaining the life of the marine realm in the
region.

The ENSO is interannual climate variability
occurred in the tropical Pacific Ocean [12]. Meanwhile,
the IOD is a climate mode associated with zonal SST
gradient (east-west) in the Indian Ocean [13]. The El
Nifio event of 2015/2016 has been suggested as one of
the robust El Nifio events in history [14-15]. It was
characterized by large positive SST anomalies that
dominated the tropical Pacific Ocean basin [16].
Reference [17] suggested the multiple westerly wind
bursts were liable for the water mass advection from
the western Pacific warm pool into the central Pacific,
which enhanced the development of a strong El Nifio
like in 2015. Another recent extreme event that is
fascinating to be studied is the extreme positive 10D
event that occurred during boreal fall 2019. The
primary forcing of the 2019 positive 10D event was
thought to be enhanced sea level pressure over
Australia and declined sea level pressure over the
South China Sea since May 2019 [18]. This inter-
hemispheric sea level pressure gradient invoked the
northward cross-equator over the Indonesian Seas. It
accelerated wind speed over the southeastern tropical
Indian Ocean, leading to the evolution of positive 10D
events via Kelvin waves forcing [18, 19]. We believe
the two extreme climate events of 2015 and 2019 have
profound effects on the oceanic condition of the
Indonesian Seas. Given the importance of the ocean
region off the STI, disentangling the detailed effect of
both climate events on the surface wind and sea surface
condition will contribute to the successful prediction of
future climate extreme events in the region. Herein, we
analyze 12 years (2007-2019) of satellite-derived sea
surface wind, SST, and chlorophyll-a data to
understand the effects of the 2015 El Nifio and the
2019 positive 10D events on sea surface wind
variability over the STI waters. Results of this research
can be used for better managing marine and fisheries
resources in the STI.
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Fig. 1 (a) Topography and bathymetry (m) of the Sangihe-Talaud
Islands. (b) Time series of wind stress, SST, chlorophyll-a, and
Ekman transport over regions of 125.5°E-126.5°E, 2°N-3°N (Box A)
and of 127.5°E-128.5°E, 2°N-3°N (Box B)

2. Materials and Methods

To investigate the wind variability in the region of
interest, we analyzed daily gridded reprocessed L3 sea
surface winds data of the Advanced Scatterometer
(ASCAT) for 2007-2019. The data has a spatial
resolution of 0.125°x0.125°, and its accuracy has been
tested and validated for coastal and open ocean
applications [20]. The wind data is available at the
Copernicus Marine Environment Monitoring Service
[25].

To decipher the effect of wind variability on the sea
surface off the STI, we analyzed Level-3 data of semi-
daily 11-um SST and daily surface chlorophyll-a
concentration retrieved from the Moderate Resolution
Imaging Spectroradiometer (MODIS). Data have a
spatial resolution of 0.04°x0.04° [21] and were verified
against in situ measurements [22]. The chlorophyll-a
and SST data are archived and distributed by the
Physical Oceanography Distributed Active Archive
Center (https://podaac.jpl.nasa.gov/dataaccess). The
analysis period of chlorophyll-a and SST was from
January 2007 to October 2019.

We wused the Oceanic Nifio Index (ONI) to
determine ENSO events (El Nifio and La Nifia) and the
Dipole Mode Index (DMI) to define 10D events.
Specifically, we used the Nifio3.4 SST anomaly index.
The ONI data is provided by the National Ocean and
Atmospheric Administration Climate Prediction Center
and is accessible at
https://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.tx
t. The DMI data is generated by the Japanese Agency

for Marine-Earth Science Technology (JAMSTEC) and
is attainable at
https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php.

The wind data allow us to calculate wind stress (t)
on the ocean surface and Ekman Mass Transport
(EMT) using the formula of [23]:

T= Pacdgfo o 1)
_ Tyt 'L'y

EMT: = (vor) (22)

EMT. = Bry—fr) (2b)

Y pw(f2+62)
where p, is the air density (1.25 kg m®), p,, is the
seawater density (1.025x10% kg m?), Cp is the drag
coefficient, U, is the wind speed 10 m above sea level,
& is frictional dumping parameter (480* days), and f is
the Coriolis parameter. EMT, and EMT, denote EMT
in zonal and meridional direction, respectively.

All daily and semi-daily data described above were
composited into monthly means. The data were then
computed into monthly climatological means using the
equation of [24]:

X(X,y)= % {lei(x,y,t) (3)
where X (x,y) is monthly mean or monthly climatology
value at location (x,y), xi(x,y,t) is the ith value of
the data at (x, y), and time t, n is the number of data in
one month and the number of monthly data in one
period of climatology (2007-2019). If xi is a hollow
pixel, then the pixel is excluded in the calculation.

In order to better understand the temporal
variability of surface wind, SST, and surface
chlorophyll-a in the ocean region off the STI, we
constructed monthly climatology time series for those
parameters averaged from 125.5°E-126.5°E; 2°N-3°N
(Box A) and 127.5°E-128.5°E; 2°N-3°N (Box B), as
depicted in Fig. 1b.

We performed monthly anomaly analysis to all
parameters to examine the effects of the 2015 El Nifio
and the 2019 positive 10D on sea surface conditions off
the STI. Furthermore, we correlate all parameters with
the ONI and the DMI to highlight the effect of extreme
climate events on the study site.

3. Results

Fig. 2a and 3a demonstrate the monthly climatology
of ocean surface wind stress over the study area during
Northwest Monsoon (January-March) and Southeast
Monsoon (July-September), respectively. It is seen that
the northeasterly winds prevail from January to March
with a magnitude of 4-5x10* N m2 From July to
August, southerly wind stress prevails over the STI and
its adjacent seas. During this period, the magnitude of
wind stress is higher (> 6x10 N m) than that during
Northwest Monsoon, with the strongest wind stress
occurring in August.

Fig. 2b and 3b depict monthly climatology of SST
during Northwest and Southeast Monsoons. In general,
the ocean region off the STI experiences SST cooling


https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php

83

(~28°C) from January to March. On the other hand,
SST off the STI shows relatively higher during
Southeast Monsoon than SST during Northwest
Monsoon. An SST boundary is observed in this
monsoon season, i.e., the ocean region of the eastern
Sangihe Islands is dominated by low SST (<28.5°C). In
contrast, the western side is characterized by warmer
SST (30°C).

Fig. 2c and 3c show monthly climatology of surface
chlorophyll-a concentration off the STI during
Northwest and Southeast Monsoons. There are two
different phytoplankton bloom occurrences off the STI
throughout the year. The first bloom takes place off the
Morotai Island during Northwest Monsoon (denoted by
a white arrow in Fig. 2c), whereas the second bloom
develops occurs during Southeast Monsoon.

Fig. 2d and 3d illustrate climatological conditions of
EMT during Northwest and Southeast Monsoons. In
line with surface stress, strong EMT (> 10 m? s'1) was
observed in the ocean region off the STI during
Southeast Monsoon (July-September). In contrast,
relatively weak EMT persisted during Northwest
Monsoon (January-March). The dominant direction of
EMT during Southeast Monsoon (Northwest Monsoon)
is eastward (westward)
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Fig. 2 Monthly climatology maps of (a) surface wind stress, (b) SST,

(c) surface chlorophyll-a, and (d) EMT during Northwest Monsoon
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Fig. 3 Monthly climatology maps of (a) surface wind stress, (b) SST,
(c) surface chlorophyll-a, and (d) EMT during Southeast Monsoon
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Fig. 4 Correlatlon between ONI and monthly cllmatologlcal @)
surface wind stress, (b) SST, (c) surface chlorophyll-a, (d) EMT
during Northwest Monsoon
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during Southeast Monsoon

4. Discussion

This research demonstrates that AIM winds strongly
influence the variability of sea surface conditions off
the STI. During Northwest Monsoon (January-March),
the northeasterly winds prevail and may exert stresses
on the sea surface of the region of interest, generating
mixing in the sea surface and causing SST cooling. We
expect the mixing caused elevation in surface
chlorophyll-a concentration; however, Fig 2c exhibits
low chlorophyll-a concentration. Interestingly, a
relatively high chlorophyll-a concentration appeared in
the coastal zones of the northern Maluku and Morotai
Islands (denoted by white arrows in Fig. 2c).
According to the time series of Box B (Fig. 1b), the
highest chlorophyll-a concentration (0.28 mg m) in
the region occurred in February. This concentration
might be due to alongshore wind stresses over the
northern Maluku and Morotai Islands favorable for
subsurface nutrient-rich water's upwelling to the sea
surface. Although the signature is not robust, there is a
good agreement between chlorophyll-a and EMT (Fig.
1b), i.e., relatively high surface chlorophyll-a
concentration corresponds to relatively strong EMT,
suggesting the EMT plays a role in increasing
chlorophyll-a concentration in that area. It is important
to note that upwelling discussed here is the case of
northern hemisphere upwelling.

During Southeast Monsoon, the sea surface off the
STI shows distinct conditions. Strong southerly wind
stresses (> 5x107 N m?) persisted in the region and
presumably forced Ekman upwelling, as indicated by
cold SST and elevated surface chlorophyll-a

concentration (Fig. 3b and 3c). As a result, sea surfaces
off the eastern Sangihe Islands and southern Talaud
Islands are supplied with nutrients that can activate
phytoplankton bloom. This inference is corroborated
by the EMT data that indicate higher EMT values (> 10
m? s1) during Southeast Monsoon compared to EMT
values during Northwest Monsoon (Fig. 1b and Fig.
3d). Our results show that the interaction between
winds and islands is obvious here. The presence of the
northern Sulawesi peninsula (denoted by a white arrow
in Fig. 1a) and the Sangihe Islands acts as a barrier for
the southerly winds. Strong southerly winds are only
observed in the eastern Sangihe Islands and Sulawesi
peninsula. The high relief of the northern Sulawesi
peninsula likely blocks the wind, producing different
wind regime that affects sea surface condition. The sea
surface under influencing strong wind stresses shows
higher EMT, lower SST, and higher surface
chlorophyll-a concentration compared to the sea
surface off the western Sangihe Islands and Sulawesi
peninsula (Fig. 3). Furthermore, this observation
suggests that the variability of sea surface wind
determines surface marine productivity in the studied
area. It is evident here that the chlorophyll-a maxima
diminished when the wind forcing and EMT weakened
(Fig. 1b).

The present research also examines the effect of
ENSO and IOD on sea surface wind and sea surface
conditions off the STI. We found a remarkable positive
correlation between ENSO and surface wind stresses
during Northwest (Fig. 4a) and Southeast Monsoons
(Fig. 5a). A similar pronounced correlation was also
observed between ENSO and EMT (Fig. 4d and 5d).
Indeed, this  observation  suggests intense
mixing/upwelling occurrences in the region as
corroborated by an apparent negative correlation
between ENSO and SST (Fig. 4b and 5b). This premise
is further supported by the correlation between ENSO
and surface chlorophyll-a that suggests the dominant
influence of ENSO on the surface marine productivity
(Fig. 4c and 5c).
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Fig. 6 Correlation between DMI and monthly climatological (a)
surface wind stress, (b) SST, (c) surface chlorophyll-a, (d) EMT
during Northwest Monsoon

The correlation between 10D and ocean surface
parameters during Northwest and Southeast Monsoons
is depicted in Fig. 6 and 7, respectively. In comparison
to ENSO, the effect of IOD on sea surface condition
off the STI during Northwest Monsoon is faint.
Negative correlations between 10D and surface wind
stress (Fig. 6a) and EMT (Fig. 6d) are noticeable
during this monsoon season. Apparently, these wind
stresses cannot promote surface mixing/upwelling, as
indicated by a positive correlation between 10D and
SST (Fig. 6¢). We notice a weak positive correlation
between 10D and surface chlorophyll-a correlation
from February to March (Fig. 6¢), suggesting another
force influenced surface chlorophyll-a concentration in
the region that will be our future study focus.
Meanwhile, the influence of 10D on surface winds and
EMT is apparent, indicated by positive correlations,
during Southeast Monsoon (Fig. 7a and 7d). Congruent
with this observation, I0D-SST and 10D chlorophyll-a
correlations also show a good agreement, i.e., there is a
marked SST cooling (hegative correlation; Fig. 7b) and
increased surface chlorophyll-a concentration (positive
correlation; Fig. 7c), implying the 10D plays a role in
determining sea surface condition off the STI during
this season.
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Fig. 7 Correlation between DMI and monthly climatological (a)
surface wind stress, (b) SST, (c) surface chlorophyll-a, (d) EMT
during Southeast Monsoon

The present research also examines extreme climate
events, particularly the 2015 El Nifo and the 2019
positive 10D, on sea surface wind intensity over the
ocean region off the STI during Southeast Monsoon.
We focus on the Southeast Monsoon due to the robust
effect of these extreme events being prominent during
this monsoon season. When the extreme event took
place in 2015, striking positive anomalies can be seen
in surface wind stresses (Fig. 8a), surface chlorophyll-a
concentration (Fig. 8c), and EMT (Fig. 8d). Fig. 8a
shows strong wind stress (> 0.8x10 N m?) and EMT
anomalies (> 5 m? s1) dominate the region of interest
from July to September. It is visible here that the
existence of the northern Sulawesi peninsula shaped
the wind regime in the study site. Specifically, the
location and direction of strong wind stress and EMT
anomalies are well fit with the position of significant
negative SST, and positive chlorophyll-a anomalies
(Fig. 8b and 8c), suggesting the spatial distribution of
sea surface productivity off the STI is primarily
controlled by the strength and direction of the wind
stresses. During the Southeast Monsoon of 2015, SST
and surface chlorophyll-a anomalies attained < -1°C
and 0.5 mg m3, respectively. Such anomaly may yield
a consequence on the regional seafood via decline or
increase of fisheries production.



86

(a) x

20 (¢

—
20 -1.0 0.0 1.0
(© d Jul | . Aug a . Sep
s ; & : d ; > :
05 04 03 02 01 00 0y 02 03 04 05 ‘rr.gm:\
i -Gy e s g e S
@ & Jul 5 Aug :
f,‘}_@ g 2
0.0 1.0 20 30 4.0 50 60 (m's’)

Fig. 8 Anomaly maps of (a) surface wind stress, (b) SST, (c)
surface chlorophyll-a, and (d) EMT during Southeast Monsoon of
2015
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Fig. 9 Anomaly maps of (a) surface wind stress, (b) SST, (c)
surface chlorophyll-a, and (d) EMT during Southeast Monsoon of
2019

During the 2019 positive 10D event (July-
September), sea surface condition off the STI showed
significant positive anomalies in surface wind stress (>
0.8x10"t N m?), surface chlorophyll-a concentration (>
0.2 mg m?®), EMT (> 5 m? s?), and negative SST
anomaly (-1°C), as demonstrated by Fig. 9. Again, the
center of positive chlorophyll-a anomaly is consistent
with wind stress, SST, and EMT anomalies (Fig. 9).

We suggest this positive chlorophyll-a anomaly is
possibly due to intense vertical mixing of the mixed
layer by robust wind stresses, which leads to cold SST.
According to Fig. 8 and 9, we conclude that the effect
of the 2015 extreme climate event on the sea surface
off the STI is more robust compared to the 2019
extreme climate event. This difference might be due to
the proximity of STI to the Pacific Ocean than to the
Indian Ocean; hence the region receives the stronger
impact of ENSO.

5. Conclusion

Our research has demonstrated that satellite-derived
sea surface wind stress, SST, and surface chlorophyll-a
concentration are applicable in revealing sea surface
variability off the STI. It is important to note that the
present research results need to be compared with in
situ measurement once it is available. Nevertheless, we
discovered that both northeasterly and southerly winds
play a major role in determining sea surface conditions
in the study area, i.e., by lowering SST and enhancing
surface chlorophyll-a. The SST cooling and
chlorophyll-a maxima occur in response to enhanced
monsoonal wind stress and EMT. On the other hand,
the SST cooling and chlorophyll-a maxima deteriorated
when wind stress and EMT weakened. Furthermore,
our correlation analysis revealed that the ENSO plays a
dominant role in determining sea surface condition off
the STI than the IOD, probably due to its proximity to
the Pacific Ocean. Our anomaly analysis also suggests
that all anomalies' magnitude and spatial distribution
are more robust during the climate extreme events of
2015 compared to 2019. In general, the results of this
research highlight the importance of extreme climate
events in creating ocean conditions; they can be used
for better managing fish resources in the region in the
possible future seafood crisis.
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