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Abstract Upwelling plays a crucial role in driving cross-shelf circulation between
the continental shelf and boundary currents. It is well known that upwelling results
in the exchange of heat, nutrients, fish larvae, and other properties. It controls
primary productivity, which promotes higher trophic levels and fisheries.
Upwelling can be identified by at least three physical variables: wind, sea surface
temperature (SST), and chlorophyll-a (Chl-a). The intensity of upwelling can then
be calculated using the Upwelling Index (UI), which is based on these three
variables. Wind-based UI (UIgt), SST-based Ul (Ulsst), and Chl-a-based UI (UlcHL)
were calculated using satellite-derived and reanalysis data from 2002 to 2017.
Those three Uls were analyzed spatially and temporarily to determine the
differences in upwelling strength and duration. The most appropriate UI for
explaining the South Java upwelling system in our domain was determined
through the correlation analysis. The monthly mean climatology of all UI (UlEgr,
Ulsst, and UlcHL) reveals the seasonal variation, which is high during the southeast
(SE) monsoon. The strongest correlation between Ulsst and Chl-a with the
smallest lag times suggested that South Java upwelling in our domain can be
identified better using SST-based Ul (Ulsst) than through the Ekman mass
transport-based Ulet, particularly in the east, relevant to the earlier study.
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INTRODUCTION

The southern Java coast (SJC) is the eastern boundary upwelling system in
the Indian Ocean (Kampf et al., 2016). The region is well-known for its strong
seasonal primary production, which is fueled by nutrient-rich water upwelling (Bray
et al., 1996; Budiman et al., 2021; Susanto et al., 2001; Wyrtki, 1962). Satellite-
derived SST and surface Chl-a data show that the decrease in SST off Java during
the southeast monsoon is associated with the upwelling of nutrient-rich subsurface
water supporting high primary productivity (Asanuma et al., 2003; Susanto et al.,
2006). According to Antoine et al. (1996), the SJC waters become mesotrophic
during the upwelling season and even eutrophic (Chl-a > 1 mg.m3 at the upper
layer) under certain conditions when the upwelling event coincides with positive
IOD, as reported by (Iskandar et al., 2009).

Located between two oceans, which are the Indian ocean and the Pacific
ocean, the strength of the South Java upwelling can be affected by oceanic and
atmospheric dynamics such as monsoons (Wyrtki, 1962; Duan et al., 2019), tides
(Ffield and Gordon, 1996; Rudiastuti et al., 2019), the Madden-Julian Oscillation
(MJO) (Duan et al., 2019), Kelvin and Rossby waves (Cipollini et al., 2001;
Iskandar, 2005; Menezes and Vianna, 2019; Pujiana and McPhaden, 2020;
Syamsudin, 2004), the Pacific to Indian ocean water masses flowing through the
Indonesian archipelagos called the Indonesian Through Flow (ITF) (Cipollini et al.,
2001; Menezes and Vianna, 2019), the South Java Coastal Current (SJCC)
(Soeriaatmadja, 1957; Quadfasel & Cresswell, 1992; Sprintall etal., 1999; Gingele
et al., 2002; Iskandar et al., 2006; Utari et al., 2019), South Equatorial Current
(SEC) (Ningsih et al., 2020), eddies (Iskandar et al., 2006; Yang et al., 2019; Ismail
et al., 2021), marine heatwaves (Iskandar et al., 2021), the Indian Ocean Dipole
(IOD) (Saji et al., 1999; Gualdi et al., 2003; Wirasatriya et al., 2020), and El
Nifo/Southern Oscillation (Susanto and Gordon, 2001; ENSO; e.g. Gualdi et al.,
2003; Susanto et al., 2006). In terms of eddies, the SJC is highly dynamic and
frequently occupied with locally generated eddies that contribute to the export
transport of high biological productivity offshore (Yang et al., 2019; Ismail et al.,
2021). Yang et al. (2019) showed that high Chl-a (>0.2 mg.m3) was present within
200 km off the coast of Java during the non-upwelling season and spread to more
than 1,000 km offshore during the upwelling season.

The upwelling intensity or strength can be determined classically through the
wind-based upwelling index (Ulet) interpreted as the waterflux transported offshore
by the wind stress from the coast. (Wirasatriya et al., 2020) discovered that the
Ekman mass transport along the South Java coast was weaker in the east (longitude
> 108°E, coincident with our domain) than in the west, indicating weaker wind
blows. Although it has been widely used, this technique has limitations, i.e., it does
not consider the bathymetry of the shelf and, in turn, it cannot render the
complexity of the two-dimensional spatial structure of the upwelling such as coastal
upwelling cells, cape effects, and filaments (Aissa et al., 2014). Another technique
to explain the upwelling intensity is the SST-based upwelling index (Ulsst). This
technique arose because the surface cooling of the upwelled water reaching the sea
surface is a potential proxy of the upwelling intensity. Naulita et al. (2020) showed
that the eastern part of their domain (> 108°E) shows a large gradient of thermal
difference, indicating higher UlssTt, but has the lowest value of Ulet. Meanwhile, the
chlorophyll-a-derived upwelling index was determined by applying a threshold that
distinguishes between high concentrations of Chl-a when upwelling occurs and its
low concentration when there is no upwelling. This UI-based Chl-a has been applied
by Ismail et al. (2019) in their study by using a 0.2 mg.m3 Chl-a threshold.
We hypothesize that there are differences in upwelling intensity or strength in the
western and eastern parts of our study domain.

Although many researchers have focused on South Java upwelling, studies of
upwelling comparisons in the shelf area, particularly by analyzing the upwelling
index based on Chl-a, wind, and SST, have not yet been conducted. Dewi et al.
(2020) used only Ulsst to investigate the South Java upwelling characteristics during
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ENSO. Naulita et al. (2020) analyzed the South Java Upwelling Index based on wind
and SST in the region between 106 and 114°E. Here, we go inside to the shelf area
for the first time. The Java upwelling index will be investigated by involving three
variables: wind, SST, and Chl-a.

The paper aims to determine three upwelling indices, i.e., Ulet, UlssT, and
UlcHL along the South Java Sea shelf, describe the spatial and temporal variation,
and find the most appropriate Ul to identify the upwelling event.

MATERIAL AND METHODS

General features of the study area

The study site spanned longitudinally from 107°E to 114°E (Figure 1),
including the recently investigated upwelling region (Horii et al., 2018; Wirasatriya
et al., 2020). The continental shelf (hereinafter called the shelf) presents different
dimensions along the South Java coast. The Cilacap coast shows the widest shelf
(125 km from the coast), followed by the Kretek coast (75 km) and the Prigi coast
(50 km). The eastern region has the narrowest shelf (10 km; Figure 1). The
circulation is influenced by the oceanic and atmospheric dynamics as described
above.
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Figure 1. Study domain of the southern Java coast from 107 to 114 °E.
x = wind data for Ekman calculation, + = chlorophyll-a and SST data in the coastal,
and + = SST data offshore/oceanic. Inset is our domain among the Indonesian
islands. Isobaths 40-200 m (shelf area) drawn by contour lines.

Data

Data from the daily global L4 ocean color satellte remotely sensed Chl-a
(mg.m3) was obtained from https://resources.marine.copernicus.eu/. The Chl-a
data has a spatial resolution of about 4 km, covering the period of 2002-2017.
These Chl-a products (Daily, Monthly, and Climatology) are the result of a
collaboration between the sensors SeaWiFS, MODIS, MERIS, VIIRS-SNPP & JPSS1,
and OLCI-S3A & S3B. The application of remotely sensed Chl-a data is limited in
shallow coastal shelf water due to a range of factors, including bottom albedo,
suspended sediment, and coastal turbidity (Moses et al., 2011). Everett et al. (2014)
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eliminated the effect of land or riverine inputs to Chl-a in the coastal zone by
removing or masking the 4 km of near-coast concentration, while Ismail et al.
(2019), and Brieva et al. (2015) limit the interpretation and analysis to water deeper
than 40 m. Here, the limitation of remotely sensed Chl-a concentration was
considered by taking the pixel of the Chl-a deeper than 40 m for further analysis.

Physical variables

Physical variables that promoted Chl-a variations through the upwelling
process in our domain considered both the driver and the response of the South
Java upwelling system. The driver was wind, while the response was sea surface
temperature (SST). The 10-m daily wind data were derived from an ERAS5,
the fifth generation European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis of the global climate from 2002 to 2017. The
product has a 25 km spatial resolution and can be downloaded from
https://doi.org/10.5065/BH6N-5N20. The sea surface temperature (SST) obtained
from GLOBAL_REANALYSIS_PHY_001_030 (Fernandez & Lellouche, 2018) was
distributed through the Copernicus Marine Environment Monitoring Service
(CMEMS), a global ocean eddy-resolving (1/12° horizontal resolution, approximately
8 km, and 50 vertical levels) reanalysis covering the altimetry era 1993-2018.
This product can be downloaded from https://resources.marine.copernicus.eu/.

Statistical analysis and data processing

The Upwelling Index is derived from wind data (Ulet) and calculated as the
Ekman transport, which is defined as the transport component in the direction
perpendicular to the shoreline by the following formulation:

Q. =Lt (U + VY (1)  and
Q, =2 +vH Y 2)

Where Qx, Qy are Ekman transport coefficientsin the x and y directions, pa is
the density of air with 1.22 kg m3, and Cq4 is a velocity-dependent drag coefficient
(1.4 x 1073) (Wood et al., 2012), where pw is the density of water (1,025 kg m3),
and f is the Coriolis parameter, defined as twice the vertical component of the Earth’s
angular velocity given by f=2wsin (0) at latitude 6. U and V correspond to the zonal
and meridional components of wind. Although the southern Java coast of our domain
changes slightly from the western to eastern, it can be considered macroscopically
parallel to the equator. Thus, we only use it to define Ekman transport. Negative
(positive) can be directly considered as the upwelling (downwelling) favorable Uler
along the coast. We use a threshold of 16 m3.s"1.kmr! for UIeT to define the upwelling
event as applied by Alvarez et al. (2011), where the value below the threshold
represents calm wind conditions (intensity < 1 m.s™1 ).

The SST Upwelling Index (Ulsst) is calculated as the SST difference between
coastal and oceanic points at the same longitude (Alvarez et al., 2011; Kunarso
et al.,, 2020; Naulita et al., 2020). As Alvarez et al. (2011) applied for their
longitudinal analysis, the oceanic points are located approximately 3° southward
from the coast. We use an SST anomaly threshold of -0.48°C to define the upwelling
or "cold" event as applied earlier by (Atmadipoera et al., 2020).

An Upwelling Index derived from Chl-a (UlcHL) was obtained by examining
the Chl-a higher than its background value (high Chl-a event). A threshold of
0.2 mg m3 was used for its background value as applied earlier (Ismail et al., 2019;
Yang et al., 2019).

All those three Uls were analyzed temporarily by calculating the monthly
climatology to describe the variations and evolution at several points. The points
were chosen on the shelf geometrically parallel to the equator for a better result in
applying the offshore Ekman transport component (in this case, Qy). For this, the
domain was separated into two regions: the western side spanned longitudinally
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between 108°E and 110°E, and the eastern side spanned from 111°E to 113°E. The
UleT was obtained and analyzed at 17 points (western: 8 points, eastern: 9 points),
the Ulsst was obtained and analyzed at 17 points (western: 8 points, eastern: 9
points), and the UlcxL was obtained and analyzed at 20 points (10 points on each
side) (Figure 1).

Upwelling occurrences can also be studied by considering the mean number of
days per month under upwelling favorable conditions (Ismail et al., 2019; Alvarez
et al., 2011). For this, we use a threshold value for each UI at the control points
(UIet at 109°E, 8.25°S and 112°E, 8.75°S; Ulsst at 108.83°E, 8°S and 112°E,
8.58°S; and UlchL at 108.90°E, 7.97°S, and 111.81°E, 8.48°S) to define the
favorable upwelling as described above. Finally, to betterunderstand the correlation
between all those three Uls and to find the most appropriate UI for explaining the
South Java upwelling, the Cross Correlation analysis was performed on the daily
mean climatology data of three UIs at three control points as applied for determining
the upwelling occurrence day.

In order to obtain good results and avoid bias in the analysis results between
SST and Chl-a, these two variables were extracted at the same point. To do so, we
re-gridded the data to the lowest resolution. In this case, Chl-a data with a
resolution of 4 km was re-gridded to a resolution of SST (8 km). As a result, we
have the same SST and Chl-a extraction points as shown in Figure 1. This method
has been well implemented by Corredor-Acosta et al. (2020) to analyze the
prominent factors promoting low or high Chl-a values by re-gridding all variables in
their study to 25 km (wind data resolution).

RESULTS

Wind-based Upwelling Index (UIer)

The interannual evolution of Ulet (Figure 2A, B) generally shows the seasonal
variation of Ulet on both sides of a positive signal (Ulet > 0) or downwelling favorable
condition in an early year, about December to March each year, known as the
northwest (NW) monsoon in our region. Negative signals (Uler < 0) or upwelling
favorable can be found in the middle to the end of the year from May until November
each year, reaching the lowest peak in June until August, namely the southeast (SE)
monsoon. Generally, it can be seen that the pattern was the same on both sides.
The interannual evolution of the spatially averaged (Figure 2C, D) reveals the
seasonal pattern with more upwelling favorable conditions in the SE monsoon (June
to August) for each year along with our domain.

|

Figure 2. The interannual evolution of Uler (A, B) and its spatially averaged
(C, D) values from 2002 to 2017 along the western (A, C) and eastern
(B, D) parts of our domain on the southern Java coast.
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The monthly mean climatology of Ulet clearly shows that the positive Uler
(downwelling-favorable) occurs in December-March (NW monsoon), while the
negative Ulet (upwelling-favorable) occursin May-September (SE monsoon) (Figure
3A, B). Spatially averaged Ulet reveals positive values in December-March with
maximum values in January, while negative values occur in April-November with
minimum values in July-August (Figure 3C, D). The absence of the Ulet signal occurs
in the middle of March and November (white shading in Figure 3A, B).
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Figure 3. Monthly mean climatology (A, B) and spatially averaged monthly
mean climatology (C, D) at the western (A, C) and eastern (B, D) points of
UIET from 2002 to 2017.
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Figure 4. The interannual evolution of UIsst (A, B) and its spatially averaged
(C, D) values from 2002 to 2017 along the western (A, C) and eastern (B,
D) parts of our domain on the southern Java coast.

The monthly mean climatology of Ulsst reveals that the eastern points have a
longer duration of cold SST (May-November) than the western points (June-
October). The colder SST (Ulsst<0) started to occur at the end of May at the
easternmost point, while it occurs at the end of June at the westernmost point
(Figure 5A, B). The cold-water boundary was widest at the easternmost point, then
it gradually narrows towards the west, indicating a longer duration of upwelling
favorable SST on the east side. The pattern of cold water (blue shading) forms a
horizontally funnel-like that is increasingly conical to the west, as shown in Figures
5A and 5B. The spatially averaged Ulsst on both sides shows the most obvious
differences between coastal and oceanic points and represents the coldest SST near
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the coast from July to September (Figure 5C, D), peaking in September (August)
on the western side (the eastern side). This result reveals that the eastern points
are cooling about 1 month earlier than the western points.
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Figure 5. Monthly mean climatology of Ulsst (A, B) and spatially averaged
monthly mean climatology of Ulsst (C, D) at the western (A, C) and eastern
(B, D) points from 2002 to 2017.

Chl-a - based Upwelling Index (UIchL)

The interannual of Chl-a exhibits a seasonal pattern on both sides, with the
highest Chl-a concentration values occurring in the middle to near the end of the
year or during the SE monsoon, approximately June to November each year (> 1.5
mg.m 3 ) and the lowest at the beginning of the year or during the NW monsoon,
approximately December to March each year (1 mg.m3 ) (Figure 6A, B). This
seasonal pattern was more pronounced on the plot of spatially averaged Chl-a at
both sides of the points (Figure 6C, D). There are several striking features, some of
which are: From January to June, Chl-a was lower than the background value of 0.2
mg.m 3 along longitude 108.3 E. The Chl-a was the highest and had the longest
duration (the highest peak in Figure 6C, D, and the thickest yellow band in Figures
6A, B, respectively) during the SE monsoon in 2006, the appearance of some peaks
that were higher during the SE monsoon in 2007, 2008, and 2015 than others, and
the lowest peaks in 2010 and 2016.
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Figure 6. The logarithmic evolution of UIca. (A, B) and its spatially
averaged (C, D) along the western (A, C) and eastern (B, D) boundaries
of our domain on the southern Java coast from 2002 to 2017. The line
parallel to the x-axis in Figures C and D denotes the threshold value of UlchL of
0.2 mg.m3,
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The monthly mean climatology shows that the Chl-a was higher than its
background value (0.2 mg.mr3) throughout the year at most of our points of
analysis, except at the westernmost point (108°E) and along 112-112.5°E from
December to May and from the middle of January to the end of March, respectively
(Figure 7A, B). The spatially averaged clearly shows that Chl-a was lower in
December-March, higher in June-November, and highest in September on both
sides (Figure 7C, D)
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Figure 7. Monthly mean climatology of UIch. (A, B) and its spatially
averaged climatology (C, D) from 2002 to 2017 at western (A, C) and
eastern (B, D) points. The line parallel to the x-axis in Figures C and D denotes
the threshold value of UlchL of 0.2 mg.m3.

The number of upwelling-favorable days

The number of consecutive days under upwelling favorable conditions
(UIet < 16 m® st knr1) on both sides shows that the Ekman transport upwelling
favorable conditions start to occurin April, about 22 days on average, and around
one month in March until October (30 - 31 days) (Figure 8A, B). From December
to February, the absence and minima value of upwelling-favorable occur.
However, high resistivity zones (Figure 11c) appeared on the x-position ranged
from 4 m to 101 m distance along the profile at depth y, of 28 m. These regions
have resistivity values ranging from 2756 Qm to 37843 Qm. The zones were

appeared to be partially weathered basement rock. This procedure led to
development of geologic section as given in Figure 11(d).
-
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Figure 8. Average number of days per month with UIer=16 m3 s km1 at
109°E, and-8.25°S (A) and 112°E, and 8.75°S (B) from 2002 to 2017.
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By using the Ulsst threshold of-0.48 C, the number of consecutive days under
upwelling favorable conditions occurs only in two months (August and September)
at the western points with the highest number of upwelling days in September
(20 days) (Figure 9A). Meanwhile, the eastern points have a higher number of
consecutive days under favorable conditions than the western points. Upwelling
favorable conditions occur for a whole month from July to November (30-31 days)
(Figure 9B).
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Figure 9. Average number of days per month based on the Ulsst threshold
of -0.48°C at 109°E, and-8.25°S (A) and 112°E, and 8.75°S (B) from 2002
to 2017.

According to the result, since the Chl-a at most of the points was above the
background value of 0.2 mg.m 3 throughout the year, then the number of days with
high Chl-a was obtained by applying the background value of 0.5 mg.m3. A high
Chl-a (Chl-a > 0.5 mg.m3) occurs for about one month (30-31 days) in August-
September, and it was absent in January-April on both sides (Figure 10A, B). At the
eastern points, the high Chl-a event occurs two month earlier (1 days in May) than
the western points (26 days in June). In June and December, it occurs more
frequently at the eastern points (18 days and 10 days, respectively) than at the
western points (0 days).
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Figure 10. The number of days with a high Chl-a concentration based on
the UIch. threshold of 0.5 mg.m-3 at at 109°E, and-8.25°S (A) and 112°E,
and 8.75°S (B) from 2002 to 2017.
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Correlation between all Uls

The cross correlation analysis revealed that Ulet led UlcHL by about 49-52 days
at the western points and about 59-64 days at the eastern points, with a negative
correlation of -0.64 and -0.66 respectively (Figure 11A, B). It means that an above-
average value of Ekman transport offshore leads to an above-average value of
chlorophyll-a concentration by about 49-52 days (59-64 days) at the western points
(eastern points). Ulsst was 8-12 days ahead of UlchL in the west and 6-12 days
ahead of Ulsst in the east, with a negative correlation of -0.63 and -0.74 respectively
(Figure 11C, D). In other words, an above-average temperature difference between
the coastal and oceanic points (the cooler the coastal area) is likely to lead to an
above-average value of chlorophyll-a concentration by about 8-12 days (6-12 days)
at the western points (eastern points).
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Figure 11. Cross correlation results between Uler and UIch. (A, B) and
between Ulsst and UIcu. (C, D) at the western (A, C) and eastern (B, D)
points.

DISCUSSION

The South Java upwelling conditions were analyzed over 16 years (2002 -
2017) in terms of upwelling index based on the physical parameters that accompany
this process. The physical parameters referred to are SST and wind, since the
southern coasts of Java exhibit the most immense SST variability and the strongest
winds (Susanto et al., 2001). Unlike the previous study, this study was carried out
more closely in the shelf area (isobath 40-200 m). The interannual and monthly
mean climatology of upwelling index based on the wind (Ulet) show a strong
seasonal pattern (Figures 2, 3). The downwelling-favorable winds (Ulet > 0) occur
in the early years (about December to March each year (NW monsoon), while the
upwelling favorable winds (UIet<0) occurin the middle tothe end of the year (about
May to November each year (SE monsoon). Upwelling along the Java-Sumatra
Indian Ocean coast is a response to regional winds associated with the monsoon
(Wyrtki, 1962; Asanuma et al., 2003; Susanto et al., 2006; Ningsih et al., 2013).
During the SE monsoon, southeasterly winds from Australia generate upwelling
along the Java-Sumatera coast, but conditions are reversed during the NW monsoon
when the northwesterly wind blows from Asia. The spatially averaged UIET reveals
positive values in December-March with maximum values in January, while negative
values occurin April-November with minimum values in July-August (Figure 3C, D).

In terms of SST, the inter-annual Ulsst shows a seasonal pattern in general
(a red-blue pattern that occurs mostly every year in Figure 4) with some complex
variation in certain years. Negative Ulsst (upwelling favorable) starts to occurin the
middle of the year (SE monsoon) until near the end of the year, exceptin 2010 and
2016, where cold SST is absent and Ulsst tends to be positive (downwelling
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favorable). Reversely, positive Ulsst (downwelling-favorable) occurs mostly at the
beginning of the year (NW monsoon) from December to January but not in February,
where it still shows positive UISST (Figure 4A, B). The absence of cold SST in 2010
and 2016 can be associated with ENSO as it coincided with the La Nina event at
that time (Voskresenskaya et al., 2018). La Nina causes increased Indonesian
throughflow (ITF) transport, which brings warmer water from the Indonesian Seas
to the Indian Ocean. (Susanto et al., 2001) show that ITF is responsible for
suppressing the cooling effect of upwelling along the south coast of Java. Using the
ITF contribution percentage (ICP) index, Tisiana et al. (2014) shows that the ITF
plays a significant role in controlling the South Java upwelling, particularly the
upwelling of the east part of South Java. It can be seen that the spatially averaged
(Figure 4C, D) shows different UISST intervals each year, which indicates a large
variation of SST in our domain. According to Susanto et al. (2001) and Susanto
et al. (2006), the greatest variability in sea surface temperature is associated with
the monsoon via anomalous easterly winds and ENSO via the Indonesian
throughflow (ITF). A dipole in the Indian Ocean resulting from air-sea interaction
inherent to the Indian Ocean, known as the Indian Ocean Dipole (IOD), is another
force that influences the interannual variability of cooler SST as suggested by Saji
(2018). According to Qu and Meyer (2005), the large SST depression appears only
during IOD events, and then the upwelling signature appears. According to Figure
5, the eastern and eastern points have different cold-water durations and peaks.
The eastern points have about 7 months (May-November) of cold water with the
coldest SST in August, while the western points have about 5 months (June-
October) of cold water with the coldest SST in September.

The interannual Chl-a plots show a seasonal pattern with different peaks
indicating interannual variation (Figure 6). The clear yellow shade in mid to late
2006 in Figure 7A, B, which is shown by the highest peak in Figure 6C, D, indicates
the occurrence of Chl-a blooming coinciding with positive IOD as previously reported
by Iskandar et al. (2009). All ocean and atmosphere dynamics, from local to
regional scale (monsoon, tide, Kelvin and Rossby waves, ITF, ENSO, and IOD) that
could influence the South Java upwelling system, as mentioned before, were
manifested as different ranges and peaks in the Chl-a plot each year (Figure 6).
Monthly mean climatology shows that higher Chl-a (> 1 mg.m3) occurs almost
exclusively during the SE monsoon from late June to early September at most of
the points of analysis (Figure 7). All points show a value of Chl-a above the specified
background value (0.2 mg.m3) throughout the year, except at the easternmost
point (108-108.3°E) and points between 111.8 and 112.7°E. This result is relevant
to Yang et al. (2019), and we suggest that the South Java sea shelf and its
adjacent area can be classified as mesotrophic according to Antoine et al. (1996).
Figure 7C, D shows that high Chl-a occurs during the SE monsoon from May to
November and low during the NW monsoon from December to March, which is
consistent with previous studies (Duan et al., 2019; Wyrtki, 1962). Chl-a began to
rise one month earlier at the eastern (May) than at the western (June) points
(Figure 7C, D) and peaked in September. This result reveals that high Chil-a in the
South Java upwelling was longitudinally different, which means it has a longer
duration at the eastern points (111.8-112.7°E, 5 months) than at the western
points (108-108.3°E, 4 months).

Since cross-correlation between Ulsst and UlchL results in the highest
correlation coefficient (0.74) with the smallest lag time (6-12 days) in the eastern
points (Figure 11D), we suggested that South Java upwelling can be identified better
using SST than through Ekman mass transport or wind, particularly in the east. This
result was relevant to the studies mentioned earlier about the upwelling index
in the South Java upwelling system (Wirasatriya et al., 2020; Naulita et al., 2020).
In addition, our points of analysis, which are lying on the shelf, could be the reason
Ul based on the Ekman mass transport was not explained well by the upwelling
event as stated by Aissa et al. (2014). Our results confirm the mechanism of the
South Java upwelling that although the wind is the main driver of upwelling
(Susanto et al., 2005; Wirasatriya et al., 2018; Wirasatriya et al., 2020; Budiman
et al., 2021a, 2021b), the wind strength is distributed differently along the coast,
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which results in different Ekman mass transport strengths of Uler (Wirasatriya
et al., 2020).

This study uses remotely sensed and reanalyzed data, no in-situ data was
used. Future studies are encouraged to combine in situ experiments with satellite-
based measurements and reanalysis data for better analysis and results. Chester
and Jickells (2012) stated that satellite and model-derived estimates are greatly
preferable but are indirect and that a particular limitation is that the satellites only
see the surface layer of the oceans. The Chl-a variation was only correlated with 2
variables, which were SST and wind. Even though the analysis presented here
focuses largely on the monthly climatology, the data used here has a relatively long
time series (almost two decades). They have provided sufficient results relevant to
previous research.

CONCLUSION

The South Java Sea shelf can be categorized as a mesotrophic region where
the Chl-a reaches a value of more than 0.2 mg m™3 throughout the year. As a result,
we suggested that this value can’t be used as the background value of Chl-a in
this region to identify the upwelling event. The upwelling event in our domain
(108 - 114°E) can be explained better through the upwelling index based on the
SST (Ulsst) than through the Ekman mass transport (Ulet) since it has a strong
correlation with Chl-a. Our results confirmed the earlier study regarding the
upwelling index of southern Java at longitudes of 108 to 114°E, where Ulsst can
more appropriately explain the upwelling in this region.

Finally, combining different observational (in situ and satellite data) and
modeling tools is highly recommended to evaluate our studies, particularly in the
same domain or points. We expect that this study will supply additional information
to help understand the productive dynamics of the South Java coast, leading to
better management decisions regarding fisheries, tourism centers, and
environmental policies.
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