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ABSTRACT q‘ ARTICLE HISTORY

The previous studies of upwelling within the Indonesffiseas only Received 17 November 2020
focused on the Southeast Monsoon (SEM) season. The western Accepted 4 March 2021
coast of Sumatra Island; the s rn coast of Java Island, Sunda

Islands, and Sulawesi Island; the Banda Sea, the Maluku Sea, and the
Arafura Sea are wellFknown SEM upwelling areas. However, the
upwelling events during Northwest monsoon (NWM) have never
been investigated. The investigation of NWM upwelling is challen-
ging due to the broad cloud coverage, limiting the observation of
infrared and visible sensors of the satell#%&} This study used the
blended products of the satellite-based sea surface temperature
(SST), chlorophyll-a (chl-a), sea level anomaly (SLA), surface wind,
and rainfall to identify the NWM upwelling occurrences. Remote
sen%reﬂectances 443 nmand 555 nm were also used to examine
the influence of suspended sediment and organic er which
may bias the chl-a concentration. Along the northern coast of the
Lesser Sunda Islands, the north coast of Papua Island and the
Malacca Strait are the areas of upwelling as denoted by the
positive anomaly of chl-g, the negative anomzq of SST, and the
negative anomaly of SLA. Focusing on the area along the northern
coast of the Lesser Sunda Islands, the NWM upwelling is generated
by offshore Ekman Mass T&Efport that reduces SST and increases
chl-a. From 2010 onwards, ifio Southern Oscillation has a more
ﬁistent effect on the NWM upwelling than Indian Ocean Dipole.
ifo (La Nina) tends to weaken (strengthen) upwelling. The
magnitude of NWM upwelling is weaker than SEM upwelling.

1. Introduction

The Indonesian seas (Figure 1(a)) have a strategic geographical position within the global
ocean, lying between Asia Australian continents (Pramuwardani, Hartono, and
Sopaheluwakan 2018). The onesian seas play a pivotal role in the global ocean
circulation since they become the only pathways connecting the different ocean basins
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?i]ure 1. (a) Map of topoglfgbhy of Islands within the Indonesian Seas and surface wind during
northwest monsoon (NWM) (December, January, and February) averaged from 2010 to 2019. The main
islands are denoted by ‘A", ‘B’, C", ‘D', and 'E' for Sumatra, Kalimantan, Java, Sulawesi, and Papua,
respectively. The red box represents the area of the Lesser Sunda Islands shown in b). Green to brown
colour bar denotes topography. b) Islands distribution in the Lesser Sunda Islands with detailed
bathymetry. The dashed red (green) box indicates the tip of Madura Island (Kangean Island). The
numbered grey boxes denote the areas for Hovmoller diagram analysis shown in .Figures 6 and 9 from
Bali's northern coast to the north coast of Wetar. Meanwhile, the red boxes represent the southern
coast of the same regions for the analysis shown in Figure 11
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in the tropics, i.e. the Pacific Ocean and Indian Ocean basins known as Indonesian

Throughflow (ITF) (i.e. Gordon and Fine 1996).
In terms of atmospheric circulation, the Indonesian ggas become the essential path-
ways for the Asian-Australian monsoon (AAM) system rtki 1961; Mohtadi et al. 2011;
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Pramuwardani, Hartono, and Sopaheluwakan 2018; Susanto, Moore, and Marra 2006). The
islands’ complex topography within the Indonesian seas creates a path for the AAM wind
(Figure 1(a)). This AAM syste becomes the main factor that drives the Indonesian
climate. The Asian (Australian) monsoon is characterized by northwesterly (southeasterly)
wind which blows from Asia (Australia) to Austral' (Asia), brings humid (dry) air, and
causes rainy (dry) season in most areas in Indonesia (Griffiths et al. 2009; Chang et al. 2005;
Chang, Wang, and Hendon 2006; Alifdini, Shimada, and Wirasatriya 2021). Due to its wind
racteristic, the AAM system is also known as northwest monsoon (NWM), which peaks
rom December to February, and southeast monsoon (SEM), which peaks from June to
August. As a consequence of air-sea interaction, the variations AAM regulates oceano-
graphic conditions within the Indonesian seas, including the coastal upwelling.

Coastal upwelling is an essential aspect of fisheries management due to its impact on
the biological productivity. Bringing cold and nutrient-rich water mass, coastal upwelling
increases primary productivity as indicated by elevated chlorophyll-a (chl-a) concentra-
tion, which in turns increases zooplankton abundance (e.g. Wetsteyn, llahude, and Baars
1990; Tijssen, Mulder, and Wegggyn 1990; Baars et al. 1990) and finally increases fisheries
productivity (e.g. Sachoemar et al. 2010; Sachoemar, Yanagi, and Aliah 2012; Friedland
et al. 2012; Racault et al. 2017; Zainuddin et al. 2017). Thus, understanding the character-
istics of coastal upwelling within the Indonesian seas is one of the critical factors for
fisheries management’s success in Indonesia.

Many studies have shown that the SEM wind becomes the main generatingqctor for
coastal upwelling in many areas within the Indonesian seas, for example, along the
southern coggyof Java Island (Susanto, Gordon, and Zheng 2001; Susanto, Moore, and
Marra 2006; Susanto and Marra 2005; Iskandar, Rao, and Tozuka 2009; Wirasatriya et al,
2018a, Wirasatriya et al. 2020), the southern Sulawesi Island (Setiawan and Kawamura
2011; Utama et al. 2017), the Molucca Sea (Setiawan and Habibi 2011; Wirasatriya,
Setiawan, and Subardjo 2017; Wirasatriya et al. 2019a), the western Lesser Sunda
Islands (Ningsih, Rakhmaputeri, and Harto 2013; Setiawan et al. 2020), the Halmahera
Sea (Setiawan et al. 2020), Arafura Sea (Kdmpf 2015), and the Banda Sea (Moore, Marra,
and Alkatiri 2003; Gordon and Susanto 2001; Susanto, Moore, and Marra 2006). Those
identified coastal upwelling areas within Indonesian seas are mainly generated by
offshore Ekman transport during the SEM season. Thus, none of the previous studies
explored the coastal upwelling occurrence within the Indonesian seas during the NWM
season.

As mentioned in the previou ragraph, NWM wind blows from Asia to Australia,
passing the Indonesian Seas. Theﬂth China Sea, the Java Sea, the Banda Sea, and the
Timor Sea become the primary NWM wind paths gfigure 1(a)). Figure 1(a) shows that the
maximum magnitude of NWM wind occurs at tﬁth China Sea and along the Java Sea
to the Banda Sea; the magnitude varies from 5 m s~ to more than 6 m s~'. According to
Wheeler and Mc Bride (2005), the wind speed can reach up to 9 m 5! during the NWM
season peak in January. Based on the previous SEM season results, this scale of wind
speed is strong enough for generating coastalfifjwelling. For example, the magnitude of
wind by 6 m 57" in the Maluku Sea can reduce sea surface temperature (S5 m 30°Cto
27.5°C (Wirasatriya et al. 2019a). Another example in the southern Sulawesi, with the wind
speed of about 8 m s, the SST decreases until 26°C (Setiawan anq(awamura 2011).
Therefore, considering the paths of NWM wind and Ekman theory, along the northern
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coast of Java Island to the Lesser Sunda Islands, may become potential coastal upwelling
generation areas.

Taking the benefits 9 remote sensing technology, this becomes the first study to

lore the upwelling characteristics during the NWM season (December to February)
within the Indonesian seas. The upwelling discussed in this study refers to the coastal
upwelling. Since the NWM season is associated with the rainy season, visible and infrared
sensors may not be useful due to the massive cloud cover. In the present study, we used
daily blended products of remote sensing data that merge various satellites rather than
only single satellite measurements to reduce the possibility of daily data loss due to the
cloud cover.

3
2. Data and method
2.1. Data

Coastal upwelling is indicated by low SST, high chl-a concentration, and water mass loss.
We used SST, chl-a, and sea level anomaly (SLA) data for detecting the gggurrence of
upwelling within Indonesian Seas during the NWM season. For S5T data, we used daily
Group for High-Resolution Sea Surface Temperature (GHRSST) Levejsea surface tempera-
ture analysis (JPL_OUROCEAN-L4UHfnd-GLOB-G155T) produced by the Jet Propulsion
Laboratory OurOcean group (JPL OurOcean Project 2010). Various satellite SST sensors
and in situgglata from drifting and mooring buoys were analysed to estimate the SST

foundation using Iti-scale two-dimensional variational blending rithm on a global
0.009° grid (Chao et al. 2009). The satellite SST sensors include the Advanced VesmaHigh-
Resolution Radiometer, the Advanced Alo rack Scanning Radiometer, the gnning
Enhanced Visible and Infrared Imager, the Advanced Microwave S ing Radiometer-

EQS, the Tropical Rainfall Measuring Mission Microwave Imager, the Moderate Resolution
Imaging Spectroradiometer, the Geostationary Operational Environmental Satellite Imager,
and the Multi-Functional Transport Satellite 1 R radiometer.

For chl-a, we also used blended multi satellites chl-a product from Ocean Colour-
Climate Change Initiative version 4.2 @-CCI 4.2) (Sathyendranath et al., 2019). This daily
product comprises globally merged MEdium Resolution Imaging Spectrometer (MERIS),
Agqua-Moderate Resolution Imaging Spectroradiometer (MODIS), Sea-viewing Wide Field-
of-view Sensor (SeaWiF5S), and Visible Infrared Imaging Radio r Suite (VIIRS) data with
a 4 km spatial resolution. Satellite-based chl-a measurementsrg n the blue to green
band ratio often overestimate under the condition of highly suspended matter and
dissolved organic matter brought by river discharge ing the heavy rain (Siswanto
et al. 2020). To overcome this problem, we also used remote sensing reflectance (R,
443 nm and R\ 555 nm of OC-CCl 4.2 for examining the possibility of the large bias values
of chl-a due to the fluvial water influence. Low R, 443 nm indicates phytoplankton's
existence due to the strong absorption of R, 443 nm by phytoplankton (Shi and Wang
2007; Siswanto et al. 2020). On the other hanﬂ?e high-value R,; 555 nm indicates the
highly suspended sediment (Acker 2004; Tan et al. 2006; Zheng and Tang 2007). This
gualitative method has also been used by Wang and Tang (2014) to examipsgthe
phytoplankton patchiness from the possible influence of turbid coastal water ﬁ'ing
spring intermonsoon in the western coast of South China Sea.
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We used re-procesmg daily SLA Level 4 from ﬂi-mission data results of altimetry
satellites provided by Copernicus Marine Environment Monitoring Service with the spatial
resolution of 0.25° x 0.25°. n-3, Sentinel-3A, HaiYang-2A (HY-2A), Satellite with ARgos
(Saral)/Ka band Altimeter (AltiKa), Cryosat-2, Jason-2, Jason-1, Topex/Poseidon, Envisat,
Geosat Follow-On (GFO), and European Remote Sensing (ERS) 1/2 are the altimetry
satellites used for the production of this dataset.

For additional data, we used surface wind data from a semi-daily ﬁvanced
Scatterometer (ASCAT) (Figa-Saldana et al. 2002) with the spatial resolution of 0.125° x
0.125° This wind product shows good accuracy for open seas a oastal areas (Verhoef
and Stoffelen 2013). Furthermore, hourly rainfall product from Global Satellite Mapping
for Precipitation (GSMaP) wa o used in this study (Otsuka, Kotsuki, and Miyoshi 2016).
GSMaP product provides a multi-satellite global precipitation map under the Global
Precipitation Measurement (GPM) Mission constructed from the Dual-frequency
Precipitation Radar (DPR) onboard GPM core satellites, other GPM constellation satellites,
and geostationary satellites. The spatial resolution of this dataset is 0.1° x 0.1°. For
investigatigmethe vertical profile of oceanic parameters, we used the ocean physics
reanalysis Qa distributed through the Copernicus Marine Environment Monitoring
Service (CMEMS), ie. GLOBAL-REANALYSIS-PHY-001-030 for salinity and temperature
(Fernandez an llouche 2018). The grid interval of this dataset is 0.083° x 0.083".

The Oceanic Nino Index (ONI) and Dipole Mode Index (DMI) were used for invesgimating
the interannual variability of the NWM upwelling. ONI index is an indicator form\liﬁo
Southern Oscillation (ENSO), while the Dlgl index is for Indian Ocean Dipole (IOD). The
monthly ONI index is determined by the 55T anomalies in the Nifio 3.4 region (5°N-5°S,
170°W-120"W) with the pgwmd of 1971-2000. Weekly DMI is determined by the anomaly
value of the SST gradient between the westem tropical Indian Ocean (10°5-10°N and 50°
E-70°E) and the southeastern tropical Indian Ocean (10°S-0" d 90°E-110°E) (S5aji et al.
1999). Weekly DMI was composited into monthly DMI and smoothed with a 3-month
running mean filter to reduce its highgiggquency signal. The threshold of +0.5°C (+0.25°C)
was used to determine the period of ifo and La Nifa (positive and negative |0OD).

2.2. Method

The period ofgalysis of the present study is from July 2010 to June 2019. Identifying the
upwelling occurrence within Indonesian Seas was based on the NWM anomaly map of
chl-a, SST, and SLA. From the semi-daily or daily data, all parameters were composited
into monthly data. The NWM map was then calculated by averaging December, January,
and February data for all periods. Finally, the NWIM anomaly maps of each variable were
produced by subtracting the NWM map with the mean map of all observation periods.
A btaining the indicated upwelling area, Ekman Mass Transport (EMT) was calcu-
lated to investigate the influence of offshore EMT on the variability of upwelling in this
area. EMT (m? s') was calculated from surface wind data following Wang and Tang

(2014)'s equation:
T
EMT = 1
D g
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where p,, is the seawater density (1.025 x 10° kg m™), and £ is the Coriolis parameter
(Stewart 2008). T is wind stress, which can be obtained from this equation.

r= pacduf{l (2)

where p, is the density of air (1.25 kgm ™), and U, is the wind speed 10 m above sea level.
The drag coefficient (Cy) follows WAMDI group (1988), i.e.

1000C4= 1.29forOms ' <U;q<7.5ms " (3a)
1000C4= 0.8 + 0.0065Uofor7.5ms ™' <Ujo < 50ms™" (3b)
Seawater density at the normal atm eric pressure was calculated from the profiles of

salinity and temperature by using United Nations Educational, Scientific and Cultural
Organization (UNESCO) (1981)'s formula.

3. Result and discussion
3.1. NWM upwelling identification within Indonesian seas

NWM upwelling within Indonesian seas be identified using the NWM anomaly map of
chl-g, 5ST, and SLA (Figure 2). A positive anomaly of chl-g, negative anomalies of SST and
SLA indicates the occurrence of upwelling. Positive anomalies of chlgeappear mostly in
the westem part of Indonesian seas, i.e. the Malacca Strait, the South China Sea, the Java
Sea, the Makassar Strait, the Sulawesi Sea, and the seas along the northern g}t of the
Lesser Sunda Islands. Furthermore, strong positive anomalies of more thgp®.2 mg m ™ are
observed along the coastal line of the Kalimantan Island, the eastern coast of Sumatra
Island, and the northern coast of Java m'nd. In the eastern part of the Indonesian seas,
positive anomalies of chl-a only appear in the Arafura Sea and the northern coast of Papua
Island (Figure 2(a)).

A similarindication is also shown by the anomaly map of SST (Figure 2(b)). The western
part of the Indongsian seas is also dominated by negative SST anomalies, i.e. the Malacca
Strait, the South China Sea, the Java Sea, the Makassar Strait, the Sulawesi Sea, and the
seas along the northern of the Lesser Sunda Islands. A strong negative anomaly less
than —1.6°C is observed in the South China Sea. In the eastern part, only the northern
coast of Papua Island has a negative anomaly of SST. Nevertheless, the negative anomaly
of SST is absent in the Arafura Sea, which means that the positive anomaly of chl-
a mentioned above may be generated by other factors instead of upwelling.

A different indication is shown by the anomaly map of SLA (Figure 2(c)). Due to the
#ct impact of the coastal upwelling occurrence, SLA's negative anomalies are only
observed in the Malacca Strait, along the northern coast of Java and the Lesser Sunda
Islands, and the northem coast of Papua Island. These di nces indicate that other
factors influence the increase (decrease) of chl-a (S5T) in the South China Sea, the offshore
part of the Java Sea, the Makass rait, and the Sulawesi Sea.

The water mass mixing and heat exchange between ocean and atmosphere may

come the other mechanisms that influence the reduction of SST and the increase of
chl-a concentration in the South China Sea and the offshore part of the Java Sea.
Looking back at the NWM wind map shown in Figure 1(b), strong wind by more than




INTERMATIONAL JOURMAL OF REMOTE SENSING @ 5443

(a) 100°E_ 110°E 120°E___130°E  140°E
3 T
5°N 5°N
0° 0°
-y g5°S
1005 , ___________ : ' r==y] 0°S
100°E 110°E 120°E 130°E 140°E
-0.2 -0.1 0.0 0.1 0.2 chl-a (mg m3)
®) 100°E  110°E 120°E 130°E 140°E

5°N 5°N

o/ . 0

Sﬂs : ke '565

10°S

100°E  110°E  120°E  130°E  140°E
I |

-1.6 —1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.655T(°C)

100°E 110°E 120°E  130°E  140°E

(c) e s
3 ’
5°N B L - 51'-' N
00 Oﬁ
EDS , Ses
1005 A o i_ — . - . r -l , -l 1 Uos

100°E  110°E  120°E  130°E  140°E
VAV R 0.0 T 2.0SLA(x 10 m)

Figure 2. Map of NWM anomaly (December, January, February) of (a) chl-a, (b) 55T, and (c) 5LA in the
Indonesian Seas relative to their climatology means (2010-2019).

6 m s~ occurs at the South China Sea and continues blowing to the Java Sea. This
strong wind may generate mechanical mixing and latent heat release that cools S5T. As
reported by \Mipasatriya et al. (2019b), latent heat release is the most important factor in
the heat flux controls the SST variability in the Java Sea. Moreaver, the mechangsal
mixing in the water column also may enrich the surface water and es EIET-
a concentration in these areas. As indicated by Wirasatriya et al. (2018b), the variability
of chl-a in the offshore part of the Java Sea is controlled by the mechanical mixing
process.
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To examine the influence spended matter, which may bias the chl-a measurement
in Kalimantan's coastal seas, the western part of Sumatra, and the northern part of Java,
we plot the NWM average of R, 443 nm and R,; 555 nm in Figure 3(a,b). As the
phytoplankton absorbs the electromagnetic wave at wavelength 443 nm, low R,
443 nm indicates phytoplankton's existence. High R,; 443 nm from the South China Sea
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Figure 3. Map of NWM means of (a) remote sensing reflectance 13443 nm; (b) R, 555 nm; and ic)
precipitation. R 443 nm and R 555 nm represent the phytoplankton biomass and suspended

sediment matter, respectively.
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to the Java Sea means less phytoplankton biomass in those areas (Figure 3(a)). This fact is
confirmed e distribution of R 555 nm (Figure 3(b)), which shows high R 555 nm
distribution from the South China Sea to the Java Sea. As reported by many researchers,
the area along the northem coast of Java is categorized as turbid water due to the high
suspended sediment concentration (e.g. Siregar and Koropitan 2013; Sanjoto et al. 2020;
Wibisana, Soekotjo, and Lasminto 2019; Bioresita et al. 2018). This means that the
suspended sediment biases the high chl-a concentration observed in these areas. This
suspended sediment may come from the rivers runoff due to the heavy rain at the
Sumatra, Kalimantan, and Java ds during the NWM season (Figure 3(c)). Siswanto
et al. (2020) showed that the variability of chl-a in the east, south, and southeast
Kalimantan corresponds to t ariability of rainfall overland and river discharge. The
same indication is also shown in the Arafura Sea and the southern part of Malacca Strait.
Along the northern coast of the Lesser Sunda Islands, R, 443 nm, R,; 555 nm, and rainfall
are low, which indicates that the high chl-a observed in that area is truly due to the
phytoplankton abundance. Thus, along the northern coast of Lesser Sunda Islands are
well determined as the identified NWM upwelling areas.

Based on the analysis of chl-a, SST and SLA, there are three identiﬁemeas for the
NWM occurrence within Indonesian seas, i.e. the Malacca Strait, along the northern coast
of Papua, and the northern coast of the Lesser Sunda Islands. This result is consistent with
Susanto, Moore, and Marra (2006) which showed the high annual harmonic ampigmde of
chl-a concentration during December and Jagaiary in Malacca Strait, along the northern
coast of Papua, and the northern coast oftheﬁsser Sunda Islands. The mechanism of S5T
variability in the Malacca Strait has been investigated by Isa et al. (2020). They found that
the SST cooling during NWM monsoon is influenced by the northeasterly wind, which
brings cold, dry continental air. However, it is essential to note that the chl-
a concentration in the southern part of Mal Strait may overestimate due to the
high turbidity, as reported by Tan et al. (2006). In the present sgwudy, we focus our analysis
on investigating the detailed characteristic of NWM upwelling?ong the northern coast of
the Lesser Sunda Islands. This area is located on the main path of the monsoon wind.
A case study of the NWM upwelling along the Lesser Sunda Islands’ northern coast is
conducted in the next section.

3.2. NWM upwelling gong the northern coast of the Lesser Sunda Islands

The distribution of surface wind vector along the northem coast of tthser Sunda
Islands during the NWM season is depicted in Figure 4(a). High westerly wind speeds of
more than 4 m s™' are distributed in almost all areas except in the nearshore area of Bali
Island, Lombok Island, and the western part of Sumbawa Island. These low wind areas
may correspond to Madura Island and Kangean Island’s existence that protect these areas
from the strong westerly wi lowing from the Java Sea. Westerly wind generates
offshore EMT, which induces coastal upwelling along the northern coast of the Lesser
Sunda Islands (Figure 4(b)).

The indication of the upwelling occurrence along the Lesser Sunda Islands’ northern
coast is denoted by the distribution of lower SST and higher chl-a than their southern
coast (Figure 5(a,b)). Furthermore, SST distribution lower than 28.7°C appears along the
northern coast of Sumbawa lIsland, Flores Island, and Alor Islands. Meanwhile, the
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Figure 4. Map of monthly climatology of (a) surface wind vector and (b) Ekman ransport (EMT)
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4

distribution ofg'ul-a higher than 0.23 mg m™? is observed along the northern coast of the
Lombok, Sumbawa, the vmern Flores, and Alor Islands. In contrast, the disappearances
of the SST less than 28.7°C and chl-a more than 0.23 mg m ™ in the nearshore areas of
northern Bali and Lombok Island correspond to low wind speed areas as mentioned in the
previous paragraph. The absence of coastal upwelling generation is confirmed by SLA's
distribution (Figure 5(c)), which shows a lack of SLA lower than 0.1 m along the northern
coast of Bali Island.

The inconsistency of the relationship between offshore EMT, , SST, and chl-g is
observed in the easternmost part of the Lesser Sunda Islands. Although the offshore EMT
is strong (i.e. >4 m? s~ ') and SLA is lower than 0.1 m, the reduction of SST and the increase
of chl-a do not occur in this area. This tendency is also captured in the analysis Hovmoller
diagram shown in Figure 6. The Hovmaller diagram is constructed from 0.5° x 0.5° bins as
presented in the numbered grey boxes in Figure 1(c). During NWM monsoon, offshore
EMT gets stronger to the east, which corresponds to the wind speed distribution.
However, in the easternmost bin where the offshore EMT reaches more than 4 m* 5™,
the SST (chl-a) increases (decreases) to higher (lower) than 28.7°C (0.2 mg m).

The evidence of the stronger upwelling to the eastern pangpssis also supported by the
density data's vertical profile (Figure 7). The upwelling signal is denoted by the lifting of
heavier water mass, i.e. by the contour of 21.4 kg m™>. At bin number 1, the lifting water
mass is almost not detected during NWM monsoon. The lifting water mass signal
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Figure 5. Map of monthly climatol (a) SST; (b) chl-a; and (c) in January at the Lesser Sunda

Islands from 2010 to 2019. The black contours in (a) and (b) denote of 28.7°C and chl-a of 0.23 mg
m ", respectively.

becomes more robust and still can be seen at bin nuggber 24. This indicates that the
coastal upwelling still occurs in the easternmost part of the Lesser Sunda Islands. The
vanishing signal of low SST and high chl-a may be related to the local oceanographic
condition at the Lesser Sunda Islands' easternmost part. Figure 8 shows the monthly
climatology of the vertical temperature variation at bin number 10 and 24. During NWM
season, lifting cold ater is observed at bin number 10 but absent at bin number 24,
Mixed temperature from the surface to 40 m depth relieves the SST cooling during the
upwelling process at bin number 24,

One possibility which may corres;@:i to the anomaly of these vertical temperature
distributions is the influence of ITF. As Sprintall et al. (2009, 2019) and Susanto et al. (2016)
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Figure 7. Monthly climatology (2010-2019) of the vertical ﬁle of potential density along the
northern coasts of the Lesser Sunda Islands from the northern coast of Bali Island to the northern coast
of Wetar Island (north of Timor Island) inside the grey bins shown in Figure 2a number (a) 1, (b) 5, ()
10, (d) 16, (e) 20 and, (f) 24, respectively. The black contours are isopycnals of 21.4 kg m™. During the
NWM season (purple dashed boxes), upwelling intensity increases from west to the east.

described, the large outflow of ITF is located at the Lesser Sunda Islands’ easte ost.
These areas become the conjunction of the ITF flows from the Makassar Strait, theﬂuku
Sea, and the Halmahera Sea. The debit of ITF in the strait between the Alor Island and the
Wetar Island flowing to the Ombai Strait is 4.9 Sv, which is almost twice larger than ITF
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Figure 8. Monthly climatology of the vertical profile of temperature a) at the northern part of Sape
Strait (grey bin no. 10 in Figure 2(a)). and (b) at the northern coast of Wetar Island (grey bin no. 24 in
Figure 2(a)). The black contour is isotherm of 28.7°C. The purple dashed boxes denote the NWM
season.

outflow at the Lombok 5Strait. The largest outflow of ITF to the Ina Oceanis located at
the Timor Passage, with a debit of about 7.5 Sv. Thus, ITF may play a dominant role in
controlling the oceanographic condition at the easternmost part of the study area.
Shinoda et al. (2012) suggested during January — March, southward ITF current increases
after being weakened during October-November. Strong ITF flows large water mass,
which may mix the water column temperature in the easternmost part of the Lesser
Sunda Islands and prevent SST cooling.However, further investigation is needed to prove
this hypothesis, which will be done for future study. Another apparent paradox is shown
on the northern coast of eastern Flores Island. Alfbugh the offshore EMT and low SST
indicate the occurrence of upwelling, the signal of chl-a more than 0.23 mg m ™ does not
appear in this area. This condition may be related to the local chemical environment in
this area, which needs to be investigated further to answer the incongruity between
upwelling and chl-a concentration. However, this analysis is beyond the scope of this
study and left for future work.

3.3. Interannual variability of the upwelling gong the northern coast of the
Lesser Sunda Islands

The interannual variability of upwelling gnng the northern coast of the Lesser Sunda
Islands was analysed by using the Hovmoller diagram shown in Figure 10. Unfortunately,
during the NWM season for the spanned period from July 2010 to June 2019, both ENSO
and I0D conditions were dominated by a normal condition, which m the interannual
variability of NWM upwelling is less pronounced thaggsEM upwelling along the southern
coast of Java as reported by Wirasatriya et al. (2020). El Nifio (La Nifa) condition occurred
only in 2016 and 2019 (2011 and 2012). For 10D, we found only negative 10D in 2015,
2016, and 2018. Positive IOD was absent during all periods of analysis.
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Figure 9. Hovmaoller diagram of monthly data of (a) wind speed, (b) meridional EMT, and (c) SSTgmg
the northern coast of the Lesser Sunda Islands in the grey bins showed in Figure 1c. The contour in Fig.
(a), (b), and (c) denotes wind speed of 3.6 m s™', meridional EMT of 1.5 m? 57!, and SST of 28.7°C,
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positive 10D or El Nifo. nnotations on the right side of Fig. (c) indicate 10D and ENSO conditions,
i.e." is for negative I0D; 'E"and ‘L’ are for El Nino and La Nina, respectively; and ‘N’ is for normal 10D or
ENSO.

ENSO's effect on the variability of NWM upwelling gong the northern coast of the
Lesser Sunda Islands is more robust than I0D. The strong La Nifia in 2011 tends to amplify
the wind speed, which then generates stronger offs EMT and cools 55Ts to be less
than 28.7°C. In contrast, during strong El Nifio in 20186, d speed is lower than 3.6 m s,
resulting in the weak offshore EMT, which is less than 1.5 m”? s causing the dis-
occurrence of the SST cooling.

Inconsistency is demonstrated by the negative |OD event. The negative 10D event with
normal ENSO event in 2018 shows the decrease of S5Ts by lower than 28.7°C, but at the
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Figure 10. Summary map of the upwelling area within the Indonesian seas. Red lines of area A, B, and
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Strait, along the northern part of the Lesser Sunda Islands, and the northern part of Papua,
respectively. Blue lines of area 1-7 the Southeast Monsoon (SEM) upwelling areas identified in
the previous studies. Area 1 covers the southern parts of Sumatra, Java, and Lesser Sunda Islands
(Susanto, Gordon, and Zheng 2001; Susanto, Moore, and Marra 2006; Susanto and Marra 2005;
Iskandar, Rao, and Tozuka 2009; Wirasatriya et al, 2018a, Wirasatriva et al. 2020; Ningsih,
Rakhmaputeri, and Harto 2013; Setiawan et al. 2020). Area 2 is the southern part of South Sulawesi
(Setiawan and Kawamura 2011; Utama et al. 2017). Area 3 and 4 are the southern and northern parts
of the Maluku Sea, respectively (Setiwan and Habibi, 2011; Wirasa , Setiawan, and Subardjo 2017;
Wirasatriya et al. 2019a). Area 5 and 6 are the upwelling areas in the Banda Sea and Arafura Sea
(Moore, Marra, and Alkatiri 2003; Gordon and Susanto 2001; Susanto, Moore, and Marra 2006; Kampf
2015) and Halmahera Sea (Setiawan et al. 2020).
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Figure 11. The differences between S5T and chl-a of each bin pair (grey — red bins) are shown in

Fig. 1b. The differences are determined by subtracting theg and chl-a along the northern coasts of
the Lesser Sunda Islands during the NWM season with the and chl-a along the southern coasts of
the Lesser Sunda Islands during SEM season.

same condition in 2015, the decrease of S5Ts almost does not occur. Furthermapg, when
a negative 10D event is combined with El Nifio in 2016, S5T remains warm. This indicates
that interannual variability of the NWM upwelling is more regulated by ENSO than
10D. ifo (La Nifa) tends to strengthen (weaken) NWM upwelling along the Lesser
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Sunda Islands’ northern coast. This result onsistent with Wirasatriya et al. (2018b) and
Dewi et al. (2020), which found that during NWM in the Java Sea, El Nifio tends to reduce
westerly wind resulting in thegiigher SST from its climatology. The situation is reversed
during the La Nina condition. In the South China Sea, Maisyarah et al. (2019) also found
the same tendency.

Combining the results of the present study and the results from the previous studies,
we found that there are some differences in the effect of the interannual climate
variability on the SEM and NWM upwellings within the Indonesian Seas. During S
season, El Nifo (La Nina) tends to strengthen (weaken) upwelling intensity as shown in
the Maluku Sea (Wirasatriya, Setiawan, and Subardjo 2017), Halmahera Sea (Setiawan et al.
2020}, and Banda Sea (Moore, Marra, and Alkatiri 2003). C rsely, EINifio (La Nifna) tends
to weaken (strengthen) upwelling intensity during NWM season as shown in the present
study along the northern coast of Lesser Sunda Islands. The mechanism on how ENSO
regulates the upwelling intensity is by controlling the wind speed that generates offshore
EMT. Furthermore, different effects of interaralal climate variability are also found on the
upwelling intensity al the northern and southern coast of the Lesser Sunda Islands.
The NWM upwelling ‘Eogng the northerngmoast of the Lesser Sunda Islands is more
influenced by ENSO than 10D. In contrast, along tﬁouthern coast of the Lesser Sunda
Islands which is part of the south Java upwelling, is more important than ENSO for
intensifying the SEM upwelling (Chen et al. 2016), not only due to the intensified south-
easterly wind but also through the propagation of Kelvin wavemobserved by Horii, Ueki,
and Ando (2018) and Delman et al. (2016). However, the co- rrence of El Nino and
positive |OD can lead to the extreme SEM upwelling occurrenczgl;lng the southern coast
of Java and Lesser Sunda Islands as reported by Susanto, Gordon, and Zheng (2001),
(2006) and Susanto and Marra (2005).

3.4. Comparison with the SEM upwelling

This section discusses the difference between the NWM upwelling and the SEM upwelling
within the Indonesian Seas, which is illustrated in Figure 10. The SEM upwelling covers
more expansive areas than NWM upwelling. The potential areas for offshore ga@T gen-
eration during the NWM season are less than during the SEM season. Only along the
northern coast of Java to the Lesser Sunda Islands and the northem coast of Papua are
potential NM pwelling regions. Even though anomaly 55T and SLA indicates the
occurrence of upwelling along the northern coast of Java, river runoff's influence due to
high precipitation during NWM season biases the chl-a concentration measured by
satellites. For future work, it gemecessary to generate an algorithm for lite-based
chl-a data for the turbid waterﬁng the northern coast of as done by %\ranto et al.
(2011) in the Yellow and East China Sea to obtain accurate chl-a concentration which can
be used as an indicator of upwelling occurrence along with the SST and SLA data.

For the Lesser Sunda Island case, the comparison of NW welling and SEM upwelling is
depicted in Figure 11, which shows the differggyre between and chl-a along the northem
and southern coast in the different seasons.ﬁong the southem coast of the Lesser Sunda
Islands during the SEM season, the SST (chl-a) decreases (increases) averagely 2.18°C lower
(0.17 mg m™ higher) than those along their northern coast during the NWM season. The
maximum differences are found at bins 1, and 2 with SST (chl-a) difference reaches —3.5°C
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(1 mg m™). This is caused by bins 1 and 2 on Bali's northern coast, which is on the lee side of
Madura and Kangean Islands. On the southern coast of Bali during the SEM season, despite
having only weak easterly wind, 55T (chl-a) can be reduced to less than 26°C (more than 1 mg
m™) (Setiawan et al. 2020). This is probably caused by the negative Ekman Pumping Velocity
that accelerates coastal upwelling (Wirasatriya et al. 2020). The difference becomes smaller
due to the weakening of southern cgmst upwelling caused by Sumba Island and Timor Island's
existence, which protects the areasﬁng the southern coast of Flores Island and Alor Island
from a strong easterly wind. Overall, the SEM upwelling on the Lesser Sunda Islands along
their southem coast is stronger t he NWM upwelling along their northem coast.

Furthermore, if we focus only along the northern coast of the Lesser Sunda Islands, the
decrease in 55T during the NWM season is lesser than the SEM season (Figure 6(c)).
Although the upwelling does not occur during SEM season as denoted by the onshore
EMT (Figure 6(b)), the surface wind speed is much stronger with the longer duration than
the NWM season (Figure 6(a)). The strong SEM wind by more than 3.6 m 57 persists from
May to August and even to October at bin 1-10 and 22-25. This strong wind may
generate mixing and latent heat release, which cools S5Ts. However, the occurrence of
downwelling process denoted by ative EMT may prevent the upliftment of nutrients
to the surface layer, which avoids the increase of chl-a during the SEM season (Figure 6
(d)). Furthermore, Ray and Susanto (2016) also stated that the northern coast of the Lesser
Sunda Islands has lower mixing rate than the southern coast.

4, Conclusion

The NWM upwelling within Indonesian seas has been investigated by the blended
products of the satellite-based SST, chl-a, SLA, surface wind, and rainfall. Reanalysis data
has also been used to analyse the vertical profiles of temperature and density. The
investigation of NWM upwelling is challenging due to heavy rainfall that may cause the
overestimation of chl-a observation due to suspended sediment and organic matter. We
used remote sensing reflectance 443 nm and 555 nm to reduce the influence of those
suspended matter. The results are as follows:

(1) Along the northem oast of the Lesser Sunda Islands, the northern coast of Papua
Island and Malacca Strait are ?tiﬁed areas for NWM upvwgsling within the
Indonesian Seas as denoted by the positive anomaly of chl-a, negative anomaly
of SST, and a negative anomaly of SLA during NWM season.

(2) Within the Indonesian seas, the SEM upwelling covers a larger area than that the
NWM monsoon. In the Lesser Sunda Islands, the NWM upwelling is weaker than the
SEM upwelling as denoted by SST cooling and chl-a rising intensity.

(3) Due to the interannual variability, ENSO'ggmfluence on the NWM upwelling's
variability is more consistent than 10D. Nifo (La Nina) tends to weaken
(strengthen) the NWM upwelling along the Lesser Sunda Islands’ northern
coast.
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