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ABSTRACT

A three-dimensional baroclinic nonlinear numerical model—the Hamburg Shelf Ocean
Model (HAMSOM)—was applied to investigate the effects of the Indonesian throughflow
(ITF), river runoff, and tidal forcing on circulation during the southeast monsoon period
(July 2004) north of the Aru Islands by conducting different sensitivity runs. It was found
that the Ekman transport over the continental slope of the Sahul Shelf was the main factor
that causes upwelling north of the Aru Islands, and this was suggested to be one of the
main factors behind the surface water in the research area being relatively colder and saltier
than the surrounding waters. The influence of South Pacific Subtropical Water (SPSW) on
the surface water was indicated by the high surface salinity of waters within the internal
salinity maximum layer. The results also suggested that onshore subsurface currents over
the slope were induced not only by offshore surface currents over the slope but also by the
ITF. By considering the eastern ITF route, river runoff and tidal forcing were also found to
contribute significantly to the erosion of the salinity maximum (approx. 0.25) within the
Halmahera Sea, thereby reducing sea surface salinity north of the Aru Islands. Furthermore,
it was proposed that river runoff from the
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INTRODUCTION

The Aru Islands are located in the northern Arafura Sea, a semi-enclosed sea in the
eastern-most part of the Indonesian Archipelago, and separate the Sahul Continental Shelf
from the Aru Basin (Figure 1). The continental shelf connecting the Aru Basin with the
northern Sahul Continental Shelf plays an important role in inducing upwelling. Due to
these conditions, the Banda and Arafura Seas (BAS) have high productivity levels and
marine biodiversity, including an abundance of fish. In-situ observations found that primary
production varies between 0.91 gC/m*d (during the northwest monsoon) and 1.85 gC/m*/d
(during the southeast monsoon) (Gieskes et al., 1990). From satellite-derived observations
(Figure 2a), it was clear that the chlorophyll-a concentration during the southeast monsoon
(July 2004) was higher around the BAS than in the surrounding area; this confirmed the
findings of Ilahude et al. (1990) and Wetsteyn et al. (1990). Upwelling was also indicated
by the sea surface temperature (SST) being relatively lower around the BAS than in the
surrounding area (Figure 2b), confirming the findings of Wyrtki (1961), Zijlstra et al. (1990),
and Kida and Richards (2009). These tendencies suggest the occurrence of wind-driven
upwelling around the BAS when southeasterly winds blow over the Northern Arafura Sea
(Appendix - Figure Al).

In the Indonesian seas, water masses within the internal salinity maximum layer (depths
of 50-300 m) were strongly influenced by the water that flows from the Pacific Ocean
into the Indian Ocean through the Indonesian throughflow (ITF) (Wyrtki, 1961; Gordon,
2005; Koch-Larrouy et al., 2007; Gordon et al., 2008; Gordon et al., 2010; Mayer et al.,
2010; Sprintall et al., 2014; Sprintall et al., 2019). They found that around 90% of the
water mass constituted North Pacific Subtropical Water (NPSW), which was transported
through the Sulawesi Sea and the Makassar Strait (collectively termed the western route)
before entering the Banda Sea, Northern Arafura Sea, then exiting into the Indian Ocean
through the Ombai Strait and Timor Passage (Gordon, 2005; Gordon et al., 2010; Mayer
etal., 2010; Sprintall et al., 2014; Sprintall et al., 2019). The remaining water mass (10%),
which constituted SPSW, was suggested to be transported partly through the Halmahera
and Seram Seas (collectively termed the eastern route) before entering the northern Arafura
and Banda Seas (Sprintall et al., 2014; Sprintall et al., 2019). They also suggested that some
were transported through the Maluku Sea and Lifamatola before entering the Banda Sea.
The eastern route is still uncertain. However, SPSW could be distinguished from NPSW
by its higher salinity maximum; the former was generally identified by a salinity maximum
of >34.8, while the latter was generally identified by a salinity maximum of 34.4 and 34.8
(Wyrtki, 1961). The temperature was also found to be characteristic; SPSW was relatively
warmer than the NPSW. As a consequence of the eastern route, the salinity maxima in the
eastern Indonesian Seas were generally higher than in the western Indonesian Sea (Wyrtki,
1961; Gordon et al., 1994; Koch-Larrouy et al., 2007).

1690 Pertanika J. Sci. & Technol. 30 (2): 1689 - 1716 (2022)



Effects of ITF, River, and Tide in North of the Aru Islands

Due to the highly variable bathymetry of the Indonesian Seas (Figure 1), tidal
interactions with the bottom topography have been found to contribute significantly to
physical and hydrodynamic conditions. In a simulation, it was found that internal tide
generated a colder SST (Koch-Larrouy et al., 2007; Nugroho et al., 2018). Therefore,
tidal mixing was suggested as the most important mechanism in inducing a lower SST.
In the Eastern Indonesian Seas (EIS), tidal mixing is confined around the Halmahera and
Seram Seas, where shallow sills and narrow straits are located (Koch-Larrouy et al., 2007,
Koch-Larrouy et al., 2015; Nagai & Hibiya, 2015; Nagai et al., 2017; Nagai et al., 2021;
Ray & Susanto, 2016). Consequently, salinity within the internal salinity maximum layer
was also reduced. Considering the role of the northern Arafura Sea in the eastern ITF and
highly variable bathymetry of the Sahul Shelf around the Aru Islands (Appendix—Figure
A1), numerical simulations that consider tidal forcing was deemed necessary to obtain
better estimates and deeper understandings of the physical processes around the Aru Basin.

River runoff also has been found to significantly influence the physical and
hydrodynamic properties of water in the Arafura Sea. More than thirty rivers flow
southwest from Papua Island into the Arafura Sea (Alongi et al., 2011). It was estimated
that river runoff along the western coast of the Papua Island varied between 11,088 m?/s
and 13,747 m’/s during the southeast monsoon season averaging 25 years of simulation
data from 1990 through 2014 (Basit, 2019). Zijlstra et al. (1990) found that river runoff
contributes primarily to the salinity field, rather than the nutrient budget, of offshore waters.
Wind-driven upwelling, meanwhile, was deemed the main mechanism responsible for
the relatively high nutrient concentration of the upper water column during the southeast
monsoon (Ilahude et al., 1990; Wetsteyn et al., 1990; Zijlstra et al., 1990; Kampf, 2016).
Nonetheless, river runoff could also have a significant effect on a circulation, as suggested
by Allen et al. (1995), Lentz (2001), and Gan et al. (2009). Enhanced vertical stratification,
induced by surface freshwater, could reduce the depth of the mixed layer and subsequently
enhance the efficiency with which wind forcing induces cross-shelf circulation (Allen et
al., 1995; Lentz, 2001; Gan et al., 2009).

This research aimed to investigate the effects of the ITF, river runoff, and tidal forcing
on circulation north of the Aru Islands, which are located at the northern Arafura Sea,
during the southeast monsoon period (July 2004), during a period when influences of the
Indian Ocean Dipole (IOD) and the El Nifio/Southern Oscillation (ENSO) were relatively
weak (https://psl.noaa.gov/gcos wgsp/Timeseries/DMI/ and https://origin.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ONI_v5.php) and more observation data
could be used for model validation. Following this introduction, this paper describes the
material and methods. The simulation results, including validation, sensitivity experiments
for different forcing fields, and momentum analyses, are presented and discussed in the
following section. Finally, a conclusion is provided in the last section.
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MATERIAL AND METHODS
Model Design

This investigation employed the Hamburg Shelf Ocean Model (HAMSOM) designed by
Backhaus (1985), Pohlmann (1996a, 1996b, 2006), and their colleagues. The bathymetry
was generated from a 30-second resolution grid of Shuttle Radar Topography Mission
(SRTM), linearly interpolated to obtain a 3-minute resolution bathymetry for the regional
model. The model domain ranged from 114°E to 139°E and from 14°S to 12°N (Figure
1), covering the ITF transport region from the Western Pacific Ocean to the Banda and
Arafura Seas. Initial and open boundary conditions were provided by the Max-Planck-
Institute Global Ocean/Sea Ice Model (MPI-OM) (Marsland et al., 2003; Jungclaus et al.,
2006) with a 24 min horizontal resolution and 40 vertical layers. Initial and open boundary
conditions, including T, S, current, and SSH, were interpolated to the regional model
grid with 54 vertical layers. The vertical layer thickness was smallest near the surface,
increasing gradually towards the bottom to better represent the mixed and internal salinity
maximum layers.

A Smagorinsky scheme was implemented to calculate the non-constant coefficients
of horizontal viscosity, which depended on the horizontal shear stress to parameterize the
horizontal sub-grid-scale dynamical processes. The Smagorinsky Equation 1 is as below.

A = c.dud 6u2+1 6v+6u 2+ av\? (1)
h= 04y gy T2\ ox dy oy

was provided, with ¢ being a dimensionless coefficient set to 0.5 for the simulations, u and

v represent zonal and meridional velocities in m/s.

The vertical turbulent viscosity coefficient was calculated by applying the approach of
Kochergin (1987) as implemented by Pohlmann (1996b). He estimated that the coefficient
was directly proportional to the square root of the vertical density gradient and the vertical
shear stress (Equation 2).

ou\’ o\’ 1 gop
- 2 (%) 4 (%) L 190 2
Ay = (cp-hae) -\/<62> +<az> +SMpaz (2)

where Kochergin's constant (c;;) was estimated by 0.05, hpz, was the turbulent mixed
layer depth at the surface and the bottom, and Sy was the Prandtl number. The Richardson
number determines the depth of the turbulent mixed layer.
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Figure 1. Topography of the model area in meters. The
green rectangle and the red line (Section A) delineate
the specified regions discussed mostly in this paper.
The solid orange circles along the coastline represent
the river locations; the purple triangles indicate the
locations of the tide gauge stations (TG1: Ambon,
TG2: Benoa, TG3: Davau). The solid light-blue
diamonds represent INSTANT stations (IN1: Lombok
Strait, IN2: Makassar Strait, IN3: Ombai Strait).
The solid yellow squares represent validated SST
locations (ST1: North of Aru Islands, ST2: Southern
Aru Islands, ST3: Banda Sea; ST4: Sahul Shelf). The
red (in the Halmahera Sea), yellow (in the Banda
Sea), white (in the Makassar Strait), and purple (in the
northern Arafura Sea) rectangles indicate the regions
where the T-S diagrams were plotted. The green
(Section B) and yellow lines (Section C) delineate
the region where the vertical turbulent viscosity
coefficients were taken as samples for comparison
between the WRT and WR cases.
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Figure 2. Horizontal distributions of chlorophyll-a
(gC/m?) (a) and SST (°C) (b) derived from MODIS
with the horizontal resolution of 5.5 x 5.5 km (http://
icdc.cen.uni-hamburg.de), monthly averaged during
the southeast monsoon (July 2004) around the Banda
and Arafura Seas.

The fluxes of momentum, heat, and freshwater at the sea surface were determined by means
of bulk formulae. Atmospheric forcing, including atmospheric sea surface pressure, air
temperature, specific humidity, u-wind, v-wind, and precipitation rate, were derived from
the National Center for Environmental Prediction (NCEP) (Kalnay et al., 1996). Daily
river discharge was obtained from the WaterGAP Global Hydrology Model (WHHM)
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(Dol et al., 2003). The model also included tidal forcing along the open ocean boundary,
with eleven tidal components (M2, S2, K1, O1, Q1, P1, N2, K2, M4, MS4, Mn4) derived
from TPXO.6.2 (Egbert et al., 1994; Egbert & Erofeeva, 2002).

Numerical Experiments

In addition to the simulation with full model forcing, three additional experiments (Table
1) were performed for 2004 to investigate the influence of river runoff and tidal forcing on
hydrodynamic conditions during the southeast monsoon when upwelling occurred. These
three additional experiments were conducted by excluding river discharge (WT), excluding
tidal forcing (WR), and excluding both (WO). Results were compared with the control run
(WRT), which includes all three forcing components: wind, river discharge, and wind. In
addition, spin-up was performed by running all experiments for the two years (from 2002
to 2003) before the investigation period.

Table 1

Numerical experiment design

No Experiments Wind River runoff Tidal elevation
Control run

1 (WRT) Y Y Y

2 No-River (WT) Y N Y

3 No-Tide (WR) Y Y N

4 Wind only (WO) Y N N

RESULTS AND DISCUSSIONS
Model Validation

Tidal Elevations. The HAMSOM regional model was generally able to simulate the time
series of tidal elevations in the model area reasonably well (Figure 3). The evaluation
was conducted for selected areas by comparing the HAMSOM results with in-situ data
taken from the University of Hawaii Sea Level Center (Caldwell et al., 2015). A strong
correlation was found between the modeled and observed tides, as indicated by a correlation
coefficient (r) of 0.82-0.92. However, in the case of Ambon, the amplitude reproduced
by the simulation tended to overestimate the observational data, with a root-mean-square
deviation (rmsd) of 0.31 m (higher than in other locations). It was thus suggested that the
model could not resolve the specific conditions of the Ambon tide gauge station. The gauge
station is located in the Inner Ambon Bay, separated by narrow and shallow channels that
are approximately 800 m wide and less than 50 m deep; a model with a resolution of 3’
(approx. 5 km) was insufficient to resolve such special conditions adequately.
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Figure 3. Time series of measured (blue lines) and simulated (red lines) sea surface heights in selected points
(see also in Figure 1), i.e., a) Ambon (TG1, July 2004); b) Benoa (TG2, September 2004); ¢) Davau (TG3,
July 2004).

Sea Surface Temperature (SST)

The simulated monthly average SST was generally in good agreement with the SST products
from the MODIS (Figure 4). In addition, seasonal patterns were shown, with relatively
low temperatures of 24-25°C between July and August (during the southeast monsoon)
and relatively high temperatures of 30-31°C between January and February (during the
northwest monsoon). Over twelve years (between 2003 and 2014), a good correlation,
with the correlation coefficient (r) of between 0.82 and 0.97, was indicated between the
simulated and measured data in the Banda and northern Arafura Seas (from 130° E-137°
E and from 4°S to 8°S). However, the simulated maximum and minimum temperatures
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were generally lower than those observed; peak temperatures were particularly vulnerable
to underestimation. Therefore, it was attributed to the model; for HAMSOM, SST was
drawn from the upper-temperature layer (with a thickness of 5 meters), while the observed
SST was valid for the upper few centimeters.

Northern Aru Basin (ST1: 4.5°5 [ 134.5%) Southern Aru Basin (ST2: 7.5°5/135°E)
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Figure 4. The values of SST from MODIS (blue color) and the HAMSOM simulation (red color) in the
2003-2014 period in the Banda and northern Arafura Seas (in the northern and southern of Aru Basin and
Sahul Shelf in selected points (see also Figure 1).

Meridional Velocities. Meridional velocities were verified at three locations: the Makassar
Strait (2.86°S/118.45°W), the Lombok Strait (8.4°S/115.9°W), and the Ombai Strait
(8.53°S/125°W) (Figure 5). The Makassar Strait is the main inflow passage of the ITF,
where water masses from the northwest Pacific Ocean enter the Indonesian Seas, while
the other straits are exit gates through which Indonesian water masses exit into the Indian
Ocean. Measured data were obtained from the International Nusantara Stratification and
Transport (INSTANT) project (Sprintall et al., 2004). The simulation results generally
showed acceptable agreement with the observational data, as indicated by the correlation
coefficient (r), which varied between 0.49 and 0.75.
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However, the correlation for velocity was lower than for SST. It may be attributed to
differences in measurement; velocity was observed in specific locations and depths, while
the model interpreted the mean velocity of a particular model grid cell covering a defined
depth range. Conversely, both the simulated SST and the MODIS SST interpreted the
mean SST of a specific model grid cell (21 km?and 30 km? in size), and thus correlation
was higher. Depth was also found to contribute to correlation. For example, at depths of
50 m and 150 m, the corresponding layer thicknesses were 7 m and 22 m, respectively;
consequently, the correlation was lower in deeper regions. However, the simulated velocities
were still acceptable, as they mostly aligned with the observed velocities and were also
able to produce low and high variations within the correct range.

In both the simulated (red line) and observational (blue line) data, the meridional
currents in the two layers were generally directed southward. However, some northward
currents were found, mostly during the transition periods of May/June and November/
December. It was also observed that the current intensities in both the simulations and
observational results follow seasonal variations. For example, in the Makassar Strait,
current intensities in the upper and lower layers were generally higher in the two data
sets during the southeast monsoon (July—October) than during the northwest monsoon
(December—February). It suggested that more water from the North Pacific Ocean entered
the Indonesian Seas within the upper internal salinity maximum layer (50-150 m) during
the southeast monsoon than during the northwest monsoon, as also observed by Gordon and
Susanto (2008), and modeled by Mayer and Damm (2012). Similarly, in the two selected
depth levels, the higher intensity was generally observed in the two exit gates (the Lombok
and Ombai Straits) during the southeast monsoon than during the northwest monsoon; this
holds for both the model and the observational data.
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Figure 5. HAMSOM-simulated (red line) and INSTANT-observed (blue line) meridional velocities at a depth
of 50 m (left) and 150 m (right) in the Lombok, Makassar, and Ombai Straits (IN1, IN2, IN3 in Figure 1) in
the year of 2004.
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Figure 5. (Continue)

T-S Diagram. The results of the four simulation experiments—the WRT (red line), WO
(yellow line), WR (blue line), and WT (green line) cases—were compared with observed
EN4 data (cyan line), which was based on data taken from all instruments being able to
profile the water column (Good et al., 2013) in the selected areas, i.e., the Halmahera Sea,
Banda Sea, Makassar Strait, and the northern Arafura Sea (Figure 1) utilizing a T-S diagram
for the year 2004 (Figure 6), were obtained via the Integrated Climate Data Center (https://
icdc.cen.uni-hamburg.de/en/en4.html). The main data source for the data set of EN4 was the
WODO09. The other data sources were also from data compiled during the Arctic Synoptic
Basin Wide Oceanography (ASBO) project, the Global Temperature and Salinity Program
(GTSPP), and the Argo global data assembly centers (GDACS) (Good et al., 2013).
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In the WRT case, the simulated T-S diagram was shown to have a generally good
agreement with observed data. In both areas, deviations between observed salinity and
the WRT case were between 0.15 and 0.4. By excluding tidal forcing (the WR case), a
significant deviation of about 0.4 and 0.7 was observed in the Halmahera Sea and the
northern Arafura Sea, respectively, indicating that the exclusion of tidal forcing resulted in
the overestimation of the salinity maximum. Considering the presence of sills and narrow
straits in the Halmahera Sea (Figure 1), the eroded salinity maximum in the tidal inclusion
simulations suggested that relatively strong internal tidal mixing around the Halmahera Sea
enhanced vertical mixing around this area (Appendix—Figure A3). Figure A3 (Appendix)
showed that the vertical turbulent viscosity coefficient within the water column at about
0.8° N was found relatively higher in the tide simulation (the WRT case) than in the no-
tide simulation (the WR case).

As a consequence of this mixing, deeper waters with relatively low salinity and
temperature were upwelled and mixed, reducing the salinity and temperature of the internal
salinity maximum layer. Furthermore, the results suggested that the supply of low-salinity
surface water played an important role in stabilizing the surface water, producing better
results in the WRT case than in the WT case. More specifically, the mixing generated
by tidal forcing and rough topography was suggested to reach the surface as found by
Nugroho et al. (2018), thereby bringing relatively fresh water down to the subsurface and
subsequently reducing the salinity of the internal salinity maximum layer. Comparing the
WRT and WT cases, it was also shown that the significantly lower salinity maximum in the
Halmahera Sea in the WRT case was accompanied by lower temperature; this suggested
that stronger tidal mixing occurred in the WRT case, and thus more deep water with lower
salinity and colder temperature intruded into the upper layers. This stronger tidal mixing
may be caused by the eastern ITF inflow being weaker in the WRT case than in the WT
case. Given the influence of the eastern ITF, this condition could induce lower SSS and
lower SST north of the Aru Islands during the upwelling period, as discussed in the next
section. In addition, it was found that relatively fresh surface water contributed relatively
little to the reduction of subsurface salinity when tidal forcing was excluded from the
simulation, as indicated by comparing the WO and WR cases. The T-S diagrams of both
the WR and WO cases were similar in that their salinity maxima in the Halmahera Sea
were overestimated by about 0.4.

In all simulations and global observation data, it was found that the salinity maximum
was lower in the northern Arafura Sea (where the water originated mostly from the
Halmahera Sea) than in the Halmahera Sea (Figure 6). Recognizing not only the tidal mixing
between the Halmahera Sea and the northern Arafura Sea along the eastern ITF pathway
but also the relatively lower salinity of water from the Banda Sea entering the Aru Basin
that will be discussed in the next section (Figure 8b), this suggested that horizontal mixing
occurred along the pathway and reduced the salinity maximum in the northern Arafura Sea.
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The deviation of salinity maximum between the control run and observation in the
Northern Arafura Sea was quite large (about 0.4), even though the WRT showed the smallest
deviation. Therefore, the study suggested that the vertical turbulent coefficient below the
surface layers applied in this simulation was quite small compared to the observation. For
example, It was observed that the coefficient around the Halmahera Sea ranged between
9.1 x 10 and 1.6 x 10 m*/s (Purwandana et al., 2020). Meanwhile, the coefficient applied
in this simulation in this area varied between 8 x 10 and 5 x 10 (Appendix—Figure A3).
Consequently, the salinity maxima produced by the simulation along the eastern ITF was
relatively higher than in the observation. However, the simulation showed acceptable results
because some simulation patterns were also found in the observation. For example, the
results showed that the salinity maxima in the Halmahera Sea, Seram Sea, and Northern
Arafura Sea were higher than in the Makassar Strait and the Banda Sea, as discussed in
more detail in the following section (see also Figure 8). This pattern was also observed
by Wyrtki 1961 (Plate 33).
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Figure 6. T-S diagram derived from HAMSOM simulations and observation data (EN4), monthly averaged
for the July 2004 period in the selected areas, i.e., Halmahera Sea, Banda Sea, Makassar Strait) and Northern
Arafura Seas (the WRT case (red), the WO case (yellow), the WR case (blue), the WT case (green), and
measured data (cyan).
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Sensitivity Studies

Reference Case. In the reference case (WRT), areas with relatively lower SST than in
surrounding areas (indicating the center of upwelling) were visible around the north and
south of Aru Islands (Figure 7), where southeasterly winds blow (Appendix—Figure
A2). The investigation focused on the area north of the Aru Islands, where southeasterly
winds were also observed to generate westward surface offshore currents. These surface
currents induced upwelling and, with the continental slope, subsequently generated onshore
subsurface currents that brought subsurface water with relatively low temperature and
high salinity to the surface. Surface salinity and temperature around this area were found
to reach approximately 35 and 25°C, respectively.

Additionally, the physical conditions of the surface water north of the Aru Islands were
influenced by surface water from the Sahul Shelf located between the Aru and Papua Islands,
which (due to river runoff along the western coast of Papua) was found to be relatively
fresher and warmer. Meanwhile, water within the internal salinity maximum layer along
the eastern ITF pathway (the Halmahera, Seram, and northern Arafura Seas) is relatively
warmer and saltier than in the Banda Sea, indicating the influence of SPSW (Figure 8).
This pattern was similar to the observation global data of EN4 (Appendix - Figure A4).

45 255 265 275 285 295 335 337 339 343 347 349

Figure 7. Monthly averages of SST (°C) (a) and SSS (b), overlaid by surface currents, in July 2004 (28 days),
WRT case.
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Figure 8. Monthly averages of subsurface temperature (°C) (a) and subsurface salinity (b) at a depth of
130 m, overlaid by surface currents, in July 2004 (28 days), WRT case.

In the vertical sections (Figures 9a and 10a, upper 350 m), upward-sloping isotherms
and isohalines toward onshore over the Sahul Shelf Break were indicative of upwelling.
A mixed layer could be detected down to a depth of about 50 m (with a temperature
threshold of 0.5°C (Monterey & Levitus, 1997), with the internal salinity maximum layer
found at depths of 50-300 m. The study suggested that this was attributed to the inflow
of transformed SPSW. According to the model results, water entered the northern Arafura
Sea through the Halmahera and Seram Seas (Figure 8), confirming the findings of Kdmpf
(2016), Atmadipoera et al. (2020), and subsurface currents velocities were highest at a depth
of approx. 60 m (i.e., the upper internal salinity maximum layer; see Figure 9). This part
of the ITF was found to intrude partly onto the continental slope north of the Aru Islands
(Appendix—Figure A5), which suggested that the relatively strong onshore currents around
the continental slope were induced not only by the Ekman surface currents but also by the
intensity of the eastern ITF. These currents, carrying water masses with relatively high
levels of salinity, were found to flow into the Sahul Shelf and strongly influence the surface
waters in the area. Tidal mixing, induced by the rough topographic features of the Sahul
Shelf (Appendix—Figure A1), was also prominent in this area and thus enhanced vertical
mixing. Such enhanced vertical mixing was indicated by the vertical turbulent viscosity
coefficient (Av) being relatively higher in the WRT case than in the simulation without tidal
forcing (the WR case) (Appendix—Figure A6). Furthermore, it was found that the surface
waters flow partly into the area north of the Aru Islands, indicating the influence of SPSW
coming to the Sahul Shelf to the surface water of the area north of the Aru Islands (Figure
7). Observation of the vector uw-velocities, meanwhile, found that SPSW also influenced
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the surface water in the northern Sahul Shelf (Figures 9a and 10a). Waters from the internal
salinity maximum layer were found to move partly upward to reach the upper layer, and
as a result, SSS was higher north of the Aru Islands than in surrounding areas (Figure 7b).
Upwelling was further indicated by water density being relatively higher around the Sahul
Shelf Break than in surrounding areas (Appendix—Figure A5).

Influence of River Runoff. River runoff along the western coast of Papua Island was
estimated to be approx. 8353.203 m?/s during the July 2004 period. By excluding river
runoft from the simulation (WT case), SSS became higher (by about 0.1) than in the WRT
case. Furthermore, SST north of the Aru Islands was relatively warmer in the WT case
than in the WRT case (Figures 9a and b). In both the WRT and WT cases, temperatures at a
depth of 50 m varied between 24°C and 26°C. However, in the WT case, water temperatures
were generally higher than in the WRT case by about 0.5°C; likewise, estimated water
temperatures of 25-26°C were more common at a depth of 50 m in the WT case than in
the WRT case (where estimated water temperatures were mostly at 24-25°C). This finding
suggested that the lower SST in the WRT case could be attributed to cross-shelf circulation
being stronger over the continental slope in the WRT case than in the WT case. As shown
in Figures 9a and b, the vertical structure of the u-w velocity is similar in the WRT and
WT cases. However, using momentum analysis (as discussed in Section 5), the stronger
cross-shelf circulation of the WRT case could be more clearly identified, as the Coriolis
term was higher in the WRT case. The different u-velocities of the WRT and WT cases
can also be seen in Figure A7 (Appendix ).

Higher salinity levels were detected within the upper internal salinity maximum layer
(depths of 50-200 m) in the WT case than in the WRT case. Considering the eastern pathway
of the ITF (Halmahera Sea-Seram Sea-Arafura Sea, Figure 8a), the lower salinity levels
within the internal salinity maximum layer indicated that tidal mixing around the Halmahera
Sea was relatively stronger in the WRT case. As a result, fresh surface water was drawn
down to, and deep water was pulled up to the maximum internal salinity layer, eroding the
salinity levels. It was illustrated by a T-S diagram comparing the WRT and WR cases (see
Section TS-diagram). The occurrence of tidal mixing was also indicated by the vertical
turbulent viscosity coefficient (Av) along section B of the Halmahera Sea being relatively
higher in the WRT case than in the WR case (Figures 1 and Appendix—A3). The results
also found that river runoff induced lower temperatures in the internal salinity maximum
layers. In comparison to the observed data (EN4), it was found that the salinity maximum
was overestimated in the Halmahera Sea in the WRT case by about 0.15. In contrast, in
the WT case, the salinity maximum was overestimated by 0.4 (Figure 6). It suggested that,
in addition to the river runoff along the western coast of Papua Island, the lower salinity
of surface waters in the WRT case north of the Aru Islands was influenced by lower
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salinity in the internal salinity maximum layer. In terms of temperature, meanwhile, the
study suggested that the lower SST in the WRT case was determined not only by stronger
upwelling but also by the entry of colder waters from the Halmahera Sea into the internal
salinity maximum layer (see also section of TS-diagram).

GPADS: IGES/COLA GRADS: 1GES/COLA

Figure 9. Vertical profiles of u-w velocity (u-velocity in m/s, w-velocity in x 10 m/s) and temperature (°C,
shading) in Section A (4.8°S and 131°E-136°E), monthly averaged for the July 2004 period (28 days) in the
a) WRT and b) WT cases.

34.4 34.6 348 35 35.2 35.4

GrADS: IGES/COLA GrADS: IGES,/COLA

Figure 10. Vertical profiles of u-w velocity (u-velocity in m/s, w-velocity in x 10~ m/s) and salinity (shading)
in Section A (4.8°S and 131°E-136°E), monthly averaged for the July 2004 period (28 days) in the a) WRT
and b) the WT cases.
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Momentum Analysis

The 28-day (2 neap—spring cycles) mean of momentum components was calculated for the
WRT and WT cases to explain the influence of rivers on hydrodynamic conditions during
the wind-driven upwelling period (July 2004) north of the Aru Islands. Seven acceleration
components were defined as Equation 3;

ACCEL VADV PGA 2%
~ HADV — COR —_— HVI SEVEEERN
ou +U -V, U+ ou 20x0=-2vp+a v2ﬁ+a<A aU) 3)
at h i T op h az \""? oz

where ACCEL: Local acceleration; HADV: Horizontal nonlinear advective acceleration;
VADV: Vertical nonlinear advective acceleration; ADV = VADV + HADV; COR: Coriolis
acceleration; PGA: Pressure gradient acceleration; HVI: Horizontal viscous acceleration;
and VVI: Vertical viscous acceleration.

The discussion here focuses solely on the meridional component of the momentum
equation, which is correlated with zonal velocities. By considering the Coriolis acceleration
term in the meridional direction (COR, = fu, where f'is Coriolis parameter and u is zonal
velocity), the pattern of the CORy could be used to represent the pattern of cross-shelf
circulation in the zonal direction across the continental slope of the Sahul Shelf north
of the Aru Islands. A positive Coriolis term was indicative of eastward currents, while a
negative Coriolis term was indicative of westward currents.

Reference Case. In the WRT case, it was observed that, in the meridional direction, Ekman
balance was dominant within the upper 20 m of the surface layer along with Section A, as
indicated by the relatively high VVI and COR terms with opposite directions (Figure 11).
This correlated well with the westward offshore surface currents across the continental
slope connecting the Aru Islands and Papua Island, as shown in Figure 8a. Meanwhile, a
geostrophic balance was dominant in the interior, as indicated by the relatively high PGA
and COR terms with opposite directions, correlated with eastward currents (Figures 9a and
11). Over the continental shelf (4.8°S/134.4°-136.5°E), the nonlinear advection (ADV,)
term also contributed significantly to the momentum balance (Figure 11), suggesting that
the significantly high ADV, term was related to nonlinear interactions between tidal flow
and topography, which could subsequently influence the mean flows around this area.
Figure 11 shows that the ADV, term is mostly balanced by the PGA term, with this balance
being much lower in the WR case.
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Figure 11. Momentum components in the meridional direction in Section A in the WRT case monthly averaged
for the July 2004 period (28 days) (x 10 ms?).

Comparison Between the River Inclusion and Exclusion Cases in Simulations. The
WRT and WT cases produced similar results for the area north of the Aru Islands. However,
the two simulations differed in the magnitude of each momentum component (Figure 12).
In general, river runoff enhanced vertical density stratification and weakened the vertical
eddy viscosity coefficient. Consequently, interfacial stress in the surface water in the
WRT case was weakened, and the surface Ekman depth was reduced. As a result, reduced
interfacial stress in the WRT case enhanced the VVI term, as observed in the upper layer
(<15 m depth), where most of the wind’s frictional energy was trapped in the so-called
plume layer. The VVI term in the meridional direction being higher in the WRT case than
in the WT case was indicated by positive values (AVVI, > 0) (Figures 11 and 12), while
the reverse patterns were generally true. Considerable modifications to the PGA, and ADV,
terms were also found in the upper layer, with changes comparable to changes in the VVI,
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term (Figures 11 and 12). The results showed that changes to the VVI,, PGA, and ADV;
terms in the WRT case were balanced by a considerably higher COR, term (ACOR < 0,
Figures 11 and 12); this, in turn, indicated stronger offshore surface currents in the zonal
direction. It was found that the stronger offshore surface currents across the slope were
compensated by relatively stronger onshore subsurface currents over the continental slope,
whereas dominant geostrophic balance was identified. Here (just below the plume layer), it
was observed that—in contrast to the plume layer—the lower interfacial stress induced by
stronger stratification (due to river runoff) reduced the viscosity force (which was mostly
indicated by AVVI<0). As a result, the stronger negative PGF (APGF < 0) and lower VVI
terms in the WRT case were balanced by a relatively higher COR term (ACOR > 0). As
already discussed in Section 4 (Figures 8a and b), the stronger COR term above the slope
in the WRT case indicated stronger cross-shelf circulation and stronger upwelling, which
induced a colder SST than in the WT case.
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Figure 12. Difference of momentum components in the meridional direction in Section A between the WT and
WRT cases (WRT-WT), monthly averaged for the July 2004 period (28 days) (x 10 ms™).
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CONCLUSION

HAMSOM could reproduce upwelling events north of the Aru Islands, as indicated by
the vertical velocity, relatively lower SST, and higher SSS. The model suggested that
the surface waters were strongly influenced by South Pacific Subtropical Water (SPSW),
which is characterized by relatively high salinity (approx. 35). However, this salinity was
too salty compared to the observation. It was suggested that this condition was due to
the relatively small vertical turbulent coefficient applied in the simulation. However, the
simulation generally could still explain the hydrodynamic conditions around the research
area, as found in the observation.

The study also suggested that tidal forcing significantly reduced salinity within the
internal salinity maximum layer in the northern Arafura Sea. This lower salinity was
indicative of relatively stronger tidal mixing, considering the origin of these waters, which
occurred mostly around the Halmahera Sea. Tidal mixing also reduced the thermocline
temperature. Furthermore, when river runoff and tidal forcing were applied together in the
simulation, river runoff was also found to induce significantly lower salinity in the internal
salinity maximum layer. In contrast, when tidal forcing was excluded from the simulation,
river runoff contributed relatively little to reducing subsurface salinity.

Momentum analysis found that the upwelling around this area was driven mainly by
Ekman surface transport, as induced by southeasterly winds. Ekman layer was revealed in
the upper 20 m depth and below that subsurface layer belonged to the undercurrent system as
also suggested by Kdmpf (2016), which was called the eastern ITF in this study. It was also
found that river runoff resulted in stronger cross circulation and thus increased upwelling
during the southeast monsoon. The cross circulation was related to the enhanced vertical
viscous forces at the surface layer, as indicated by stratification being stronger in the river
simulation (the WRT case) than in the no-river simulation (the WT case). Similarly, stronger
upwelling was also found to result in SST and SSS north of the Aru Islands being lower
in the WRT case than in the WT case. Considering the surface waters’ origin in the Sahul
Shelf and the internal salinity maximum layer, it was concluded that the lower surface
salinity in this area was influenced not only by river runoff along the western coast of Papua
Island but also by the salinity of the internal salinity maximum layer being lower in the
WRT than in the WT case. The lower temperature of the internal salinity maximum layer
advected from Halmahera to the northern Arafura Sea in the WRT case was also suggested
contributing to the reduced SST north of the Aru Islands.

The improvement of mixing parameterization of the model applied in this study needs
to be conducted in future research so that the hydrodynamic conditions in this study area
could be more clearly understood. Then, the upwelling variability and its mechanism
are other concerns to be investigated in the future study because the Arafura Sea and its
surrounding are strongly influenced by the ENSO and IOD events (Iskandar, 2010).
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Effects of ITF, River, and Tide in North of the Aru Islands
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Figure Al. Bathymetry of the Sahul Shelf in meters. The solid orange circles along the coastline represent
the river locations.
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Figure A2. Horizontal distribution of average wind stress vectors (Nm) and their magnitudes (background)
derived from NCEP data, monthly averaged for the July 2004 period (28 days).
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Figure A3. Vertical turbulent viscosity coefficient (log10 A,, m%s) for the WRT case and the difference of
vertical turbulent viscosity coefficients ( x 10 m?/s) between the WRT and WR (left) cases (b) in Section B

of the Halmahera Sea (see also Figure 1), monthly averaged for the July 2004 period (28 days).
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Figure A4. Monthly averages of subsurface temperature (°C) (a) and subsurface salinity (b) at a depth of 130
m derived from EN4 data, monthly averaged for the July 2004 period (28 days).
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Figure A5. Subsurface currents overlaid by horizontal distribution of density (+1000 kg/m?) at approx. 60 m
depth, monthly averaged for the July 2004 period (28 days) in the WRT case.
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Figure A6. Vertical turbulent viscosity coefficient (log10 A,, m?%/s) for the WRT case and the difference of
vertical turbulent viscosity coefficients ( x 10 m%s) between the WRT and WR (left) cases (b) in Section C
of the Sahul Shelf (see also Figure 1), monthly averaged for the July 2004 period (28 days).
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Figure A7. Difference of u-velocities between the WRT and WT cases (uwr-uwr), overlaid by u-w velocity
difference (uwygr- uwyr), monthly averaged for the July 2004 period (28 days)
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