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Abstract. Banda Sea (BS) is a deep and large ocean basin in interior Indonesia Seas which may
play a significant role on regulating ocean dynamics and regional climate variability such as EI Nino
Southern Oscillation (ENSQO). It also provides a 'temporary reservoir' for Indonesian Throughflow
(ITF), and as a region of seasonal alternating upwelling/downwelling. The objective of present study
is to investigate changes of surface ocean circulation and associated upwelling anomaly
during 'normal’ (2008/2009), EI Nino (2009/2010) and La Nina (2010/2011) years in BS, using data
sets from validated INDESO model outputs. The results show that surface circulation in BS is
regulated by both local forcing of monsoon winds and inflow of ITF via Flores Sea (FS), Lifamatola
Strait, and Halmahera/Seram Seas. Inflow from FS is drastically increased during northern winter
and 'normal' year. The upwelling event occurs along the eastern edge of BS with southwestward
Ekman transport and its kinetic energy of above 10 Joule. The Ekman layer depth in BS is about 60
m. During La Nina event surface circulation is much stronger with kinetic energy of about 700 J,
causing Ekman layer shallower due to increased Ekman transport and upwelling intensity.

1. Introduction
Banda Sea (BS) is one of important fishing ground areas for pelagic fisheries in Indonesia, due to the
upwelling processes that impact positively on high primary productivity [1]. Furthermore, BS is a unique
confluence region of different water masses, originated from North and South Pacific Ocean [e.g., 3, 9].
The seasonal reversal monsoonal winds are fully developed here during peaks of the Northwest monsoon
(December-February) and Southeast monsoon (July-September) periods, causing seasonal reversal of upper
ocean circulation, known as the Indonesian monsoon current (or Armondo). During the Northwest monsoon
(NWM) period, Armondo transports water masses from the Java and Flores Seas into BS, resulting in
accumulation of water masses and causing downwelling. During the Southeast monsoon (SEM) period,
Armondo brings water masses westward from Banda, so there is an imbalance of water mass volume which
generate a vertical movement of water masses from deeper to surface layers (or upwelling) [1, 2].
Circulation in BS is also affected by interannual climatic variability such as EI Nino Southern Oscillation
(ENSO). Itis found that during the EI Nino phase, seawater temperature is much cooler related to weakening
Ekman pumping than that during the La Nina event [3].
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Theoretically, upwelling event is associated with Ekman pumping and Ekman transport of water mass.
Those are generated by the steady and strong winds fields. Ekman transport plays an important role on
transporting water masses away from the center of upwelling region. Due to the Earth rotation, wind-driven
surface currents are deflected about 45° to the right (left) to the winds direction in the northern (southern)
hemispheres [4]. In BS, peak of Ekman upwelling occurs in May and June with upwelling transport volume
of 2.5= Sv (1 Sv=10° m3s?), but peak of Ekman downwelling occurs in February with transport volume of
1.0 Sv [3].

This paper aims to investigate changes of surface circulation patterns during 'normal’ 2008/2009, EI Nino
2009/2010 and La Nina 2010/2011 events (hereinafter referred to as 'normal’, EI Nino and La Nina), and its
implication to Ekman layer and upwelling intensity in BS. Since anomaly of interannual climatic variability
such as ENSO impacts significantly on ocean-atmosphere interaction and marine ecosystem in Indonesian
Seas, particularly in Banda Sea, so this study may provide the first insights into a better understanding of
circulation anomaly in BS during ENSO year 2009/2011.

2. Data and data analysis

2.1. Study area

This study was conducted from May to August 2016 in the Physical Oceanography Laboratory, Department of
Marine Science and Technology (ITK) - FPIK IPB Bogor. The study area is in deep BS basin (figure 1). Lines
that parallel and perpendicular to the eastern outer islands arcs of BS denote sections for Ekman transport and
upwelling calculations.

Figure 1. Bathymetry in study
area in BS. Lines of A-B and C-
D denote for cross-coast velocity
and along-coast velocity for
further calculations of Ekman
upwelling with a reference to BS
outer-islands arcs between Seram
and Aru Islands. Interval of
contour is every 1000 m.

2.2. The data

2.2.1. INDESO model outputs

Model outputs from a series of simulation of NEMO ocean general circulation model of INDESO
configuration (INDESO: Infrastructure Development of Space Oceanography), performed by the CLS
France & BPOL Bali, were used in this study. The outputs of data-series span from June 1% 2008 to May
31 2011, covering 'normal’ and ENSO years. INDESO is a scientific cooperation program at the Ministry
of Marine Affairs and Fisheries with a consortium of joint European Marine Research Institute
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(MERCATOR-Ocean and Collecte Localisation Satelittes - CLS) France. A brief description of INDESO
configuration is illustrated here. The model used 3-dimensions NEMO modeling system, developed by [5];
Atmospheric forcing is derived from the ECMWF reanalysis data with temporal resolution of 6-hours; Both
barotropic and baroclinic tidal forcing was applied explicitly to the model; Lateral boundary forcing was
extracted into the model from the 1/4° global ocean circulation of Mercator-Ocean; Horizontal grid
resolution is 1/12° (approximately 9.25 km) with 50 depth levels; bathymetry of the model is derived from
ETOPOO2 data [6]. Model simulation was covered from 2008 to 2015. Daily averaged of 3-dimensions
seawater temperature, salinity and ocean current fields were used for this study.

2.3. Model validation

To assess a performance and reliability of the model results, time-series data of sea surface temperature
anomaly (SSTA) and sea surface height anomaly (SSHA) from the model outputs were compared with those
observed from the NOAA AVHRR high-resolution SST data and AVISO satellite altimetry data, in the
center basin of BS (figure 2; inset). A statistical correlation coefficient between SSTA and SSHA model
output and the data are reasonably high of 0.99 and 0.94, for SSTA and SSHA, respectively. It is shown
clearly that fluctuations of SSTA and SSHA both in the model and data are in excellent agreement. The
SSTA time-series data reveal strong seasonal variations, which are minima during the SEM period and
double maxima during the monsoon transition and peak of the NWM periods (figure 2A). Furthermore,
SSHA minima occur during the peak of SEM period and their maxima are during the peak of NWM (figure
2B). These results are consistent with [3]. Hence, model outputs of SST and SSH from INDESO model
reproduced well the observed satellite data and can be used for further analysis in this study.

Figure 2. Time-series of sea surface temperature anomaly (A) and sea surface height anomaly (B) from the
INDESO model output (red) and satellite data (blue). The data were extracted from a sampling box at the
center of BS (see inset map). Statistical correlation coefficient for SSTA and SSHA are 0.94 and 0.96,
respectively. Plot of time-series data are smoothed by 21-day Hanning low-pass filtered.
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2.3. Data analysis

The 3-dimensions time-series data of INDESO model of seawater temperature, salinity and zonal &
meridional current components, and time-series data of ElI Nino Southern Oscillation (ENSO) indices
(NINO3.4 and SOI) between 2008 and 2011 were analyzed to understand monthly evolution of oceanic
conditions (circulation and seawater properties distribution) during 'normal’ year, EI Nino and La Nina
years.

Surface kinetic energy (KE) was calculated from ocean current fields and was analyzed to understand
circulation pattern and upwelling dynamic in BS, using the equation as follows:

KE = pV? 1)
where V is total current vector of zonal and meridional components, and p is seawater density.

To obtain cross-coast velocity that will be calculated for Ekman transport and vertical cross-section of
upwelling evolution, zonal (u) and meridional (v) current components were rotated anticlockwise by 45°
from a reference of the BS islands arc between Seram and Aru Islands with the northwest-southeast
orientation (see figure 1). According to [7], rotated current component (u and v) from the North reference
into local reference with 6 is presented in equation 2 and 3, as follows [7]:

U =ucosf+vsind (2)

V'=—usinf +v cosb (3)
where, u and v are zonal and meridional current components; 6 is degree of rotation with local reference;
U'and V' are rotated cross-coast velocity (CCV) and along-coast velocity (ACV). lllustrations of CCV and
ACV are shown in Fig. 1, as A-B line and C-D line, respectively.

Analysis of monthly averaged current fluctuation was focused in the CCV transect (A-B line, in Fig. 1).
Furthermore, Ekman transport was calculated across the ACV transect (C-D line, in Fig. 1). Based on this
calculation, magnitude and direction of Ekman transport volume away from the reference (islands) is
considered to be upwelling parameter. Ekman transport volume estimate (Q) was calculated across C-D
section (Fig.1) using the equation below:

Q=Yp,V'A @)
where V ' is the cross-coast velocity (CCV) perpendicular to the BS islands arc that obtained from
equation (3), and A is cross-sectional area for it" grid, and k=1 to n is number of grids.

3. Results and discussion

3.1. Surface circulation during 'normal’, El Nino, and La Nina years

Monthly mean of kinetic energy and current vectors during the SEM and NWM periods in three different
years are presented in figure 3. Evolution of monthly surface circulation during 'normal’ and ENSO events
(2008-2011) showed that the surface flow in BS is driven by monsoonal winds and is also influenced by
upper component of Indonesian Throughflow (ITF) that is derived from three main inflows via Flores Sea,
Lifamatola Strait and Halmahera Sea. Previous studies showed that the main transport volume of ITF pass
by the western route via Sulawesi Sea-Makassar Strait-Flores Sea [8-11]. Large seasonal reversal flows are
related to seasonal changes of monsoonal winds over the study area [3, 12].

In general, the KE and current vectors showed high amplitude of surface currents in Flores Sea during
the NWM period, which is coherent with strong surface winds over BS. High kinetic energy in the entrance
of Flores Sea apparently brings surface water mass derived from western part of interior seas, such as
Makassar Strait, Java Sea and southern South China Sea [2, 13, 26]. From December to January, surface
current in eastern Flores Sea turned to the North along the western edge of Buru Island and joined surface
current from Lifamatola Strait. So that, circulation in Seram Sea is indicated by eastward flows that may be
a confluence region of different water masses from from Flores Sea and Maluku Sea/Lifamatola Strait. This
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is consistent with [2], during the NWM period, surface water flows eastward and enters Halmahera and
Maluku Seas. From February to March, counter-clockwise circulation (eddy) was found in northwestern

BS.
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Figure 3. Monthly surface
kinetic energy, overlaid
with current vectors during
the Southeast monsoon
(SEM) and Northwest
monsoon (NWM) periods
in 'normal’, El Nino and La
Nina in BS.

The fully developed SEM winds cause reversal of surface circulation patterns, where surface current in

Halmahera Sea becomes much stronger. Surface current in Halmahera flows westward along the northern
edge of Seram Island and small branch of these currents enter Buru Strait where the other current down the
western edge of Buru Island. During this period, a high kinetic energy anti-clockwise eddy was formed in
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the Southwest Maluku Island. The existence of this eddy was relatively permanent during the SEM period.
Its size and Kkinetic energy varied during different ENSO period. Radius of eddy formation was about 300
km. According to [2, 13], the wind-driven currents in BS pushes back surface water from eastern BS
westward into Flores Sea, thus weakening the flow in Flores Sea. Formation of anti-clockwise eddies in
southern hemisphere causes a convergent circulation that leads to water mass sinking (downwelling), while
clockwise eddies, enhanced by the SEM winds, cause a divergent circulation in eastern Banda region,
transporting surface water mass away from the coastal area between Seram and Aru Islands. This offshore
transport is compensated by upwelled water from deeper layer to surface layer to maintain continuity of
seawater volume. [3] revealed that surface divergent circulation influences significantly on surface
component of ITF in BS.

Variation of surface circulation in BS is also affected by the ENSO phenomena. During the SEM period
in 'normal’ year 2008 (figure 3), the flow via Halmahera Sea branched, where one part flows down along
northern Obi Island and the rest turns into Seram Sea through Lifamatola Strait. Surface circulation is
predominantly westward to western Seram Sea and merges with the flow from Lifamatola Strait. In
addition, there a northward flow along the eastern boundary of Papua Island near 1°S latitude.

Hence, during 'normal’ year 2008 the main inflow for circulation in BS was via Halmahera Sea and
Lifamatola Strait through Buru Strait (western part of Seram Island) and western part of Buru Island.
Furthermore, a divergent circulation occurs between eastern part of Seram and western side of Papua (near
~1°S), where the northward flow was predominant. During this period, upwelling also occurs in western
part of Papua. Previous studies reported the occurrence of less salty water from eastern Papua [2, 14, 15].
The westward flow into BS from eastern side brings surface water away from eastern Banda Islands arcs,
which extends from southern Buru Island to northern Southwest Maluku. This implies a generation of
upwelling event during the SEM period.

During the SEM period in the EI Nino event 2009, the main inflow from Halmahera and Lifamatola that
supply surface flow in BS was reduced, but the divergent circulation in western Papua (~ 1°S) strengthened,
where one branch of the current flows northward up to northern Buru which push back surface water into
Halmahera Sea and Lifamatola Strait, and part of current branch enters BS via its eastern side (figure 3).

During the SEM period in La Nina event 2010, the trade winds in the equatorial Pacific were much
stronger [16, 17], which increased an accumulation of ‘warm pool' in western equatorial Pacific.
Furthermore, a 'leakage’ of ITF inflow via Halmahera Sea and the Lifamatola Strait also strengthened during
this period, and divergent circulation in western Papua decreased (figure 3 m-0). Sea surface height anomaly
in BS during La Nina event was much higher, compared to 'normal’ and EI Nino years (figure 2b) [3]. During
this event, eddies formation in northern Southwest BS was developed much stronger with kinetic energy of
about 400 Joule, and eddies diameter of about 290 km (Fig. 30). During late of the SEM and transition
monsoon periods the divergent circulation in BS was weakened (not shown).

During the NWM period in 'normal’ year 2008, surface circulation in Flores Sea was much stronger with
the highest kinetic energy was found in its main axis of about 100-750 Joules (figure 3 d-f). The maximum
kinetic energy was also found in northern Alor (7-9°S and 123°E). However, during the NWM period in El
Nino year 2009, surface circulation in Flores Sea was reasonably reduced in February with averaged kinetic
energy in its main axis between 100-680 Joule.

Surface flows in eastern Flores Sea weakened during the NWM period in La Nina event 2010 with kinetic
energy between 50-600 Joules, but kinetic energy of the circulation increased above 700 Joule in March
(not shown). Inflow into BS was also increased (figure 3 p-r). This suggests that there was about a month
phase delay of circulation peak during La Nina, compared to EI Nino and 'normal’ years. It is considered
that much stronger kinetic energy of surface circulation via Flores Sea during La Nina event was associated
with an increased flow of ITF along its western pathway [11, 18-20].
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3.2 Surface temperature and salinity anomaly during ‘normal’ and ENSO years.
It is interesting to note that during the SEM 'normal’ year 2008, SST anomalies in BS were much lower
(negative) (figure 4a). However, in the EI-Nino event 2009/2010, positive SST anomalies were seen in
western BS, while negative anomalies occurred in eastern and northern region (figure 4b). During La Nina
year 2010/2011 much higher positive anomalies of SST were evident in BS with weak negative anomalies
occured in eastern Flores Sea (figure 4c).

It is expected that SST variation during El Nino event is much lower than that during 'normal’ year [3].
It is suggested that during EI Nino year SST anomaly is much cooler related to weakening Ekman pumping,
in contrast to those observed during La Nina year [3]. In contrary, here, during 'normal’ year 2008 mean
SST distribution varied between 26.7 and 29.1°C, which was much cooler than that during El Nino year
(28.8 and 29.5°C). This is consistent with observed time-series SSTA data in Fig. 2, showing that SSTA
minima during 2008 (‘'normal' year) was much lower than that during 2009 (EI Nino year). It is likely that
weak EI Nino 2009/2010 may be a possible explanation to this anomalous warmer SST during El Nino year.
But, further study is needed to understand its mechanism. During strong La Nina 2010/2011 SST in BS was

much warmer than 'normal’ year, which is in good agreement with [21].
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Figure 4. Anomaly of sea surface temperature (A-C) and salinity (D-F) in BS during 'normal’ year 2008
(A and D), EI Nino year 2009/2010 (B and E), and La Nina year 2010/2011 (C and F).

Furthermore, cross-section of seawater temperature along the C-D transect (not shown) showed that
during the SEM in 'normal’ year 2008, SST minima varied between 26.0 and 27.5°C with the Ekman depth
of about 70 m in August 2008. During El Nino 2009/2010 surface temperature was about 0.5°C higher than
that during 'normal’ year 2008 of about 27-28.5°C and Ekman layer is shallower to about 60 m. During the
SEM in La Nina year 2010/2011, surface temperature varied from 27 to 28.5°C and Ekman layer was much
shallower (about 40 m).

Strong positive salinity anomalies were identified during El Nino year (figure 4e), while low salinity
anomalies were found during La Nina year (figure 4f). Positive salinity anomalies were increased by about
0.15 psu during EIl Nino year, compared to salinity in 'normal’ year and also higher than La Nina year with
different salinity anomalies about 0.4 psu. Cooler surface temperature and saltier water masses in BS during
El Nino create much denser water that decrease sea surface height [3,21]. Much denser surface water masses
are associated with shallower mixed layer. Much saltier salinity during EI Nino (Fig. 4e) may be associated
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with a loss of direct precipitation, since convective clouds shifted eastward from western equatorial Pacific.
In contrast, during La Nina year (figure 4f), high precipitation rate was impact directly to a decrease of
surface salinity.

High surface temperature variation was found in eastern BS (not shown), associated with upwelling
events during the SEM period, and weak surface temperature variation occurs during La Nina 2010.
However, surface salinity variation was high in northeastern BS and in eastern Flores Sea. Surface monsoon
current flows eastward during the NWM period caused high surface salinity variation in western boundary
of BS [15, 23].

3.3 Variation of Ekman transport during 'normal’, El Nino and La Nina years

During the SEM period both in 'normal' and ENSO years, Ekman transport in the Ekman layer (55.76 m)
was negative which means that transport direction was away from the coastal region in the eastern BS
between Seram and Aru Islands. This is indicated by negative values and blue color (figure 5a).
Consequently, upwelled water mass from deeper layer into the sea surface layer must be taken place to
compensate transported water volume offshore. In contrary, during the NWM period in 'normal’ and ENSO
period, the Ekman transport direction was toward the coastal region (positive values; red color), where
accumulation of surface warm and les salty water develop downwelling process. Those dynamics of
divergence and convergence appear seasonally as a response of surface layer in BS to the monsoonal winds
[3, 14, 22].

In 'normal’ year 2008, the southwestward (negative) Ekman transport maximum was about 1.84 Sv (1Sv
=10% m3st). During the SEM period in El Nino year the Ekman transport was slightly decreased by 1.58
Sv with one-month lead in June, while in La Nina year the offshore Ekman transport maximum was about
1.24 Sv in June (figure 5b).

In contrary, the convergent (positive) Ekman transport towards the coastal waters occur during the peak
of NWM period. In 'normal’ year 2008, the peak of positive Ekman transport revealed two maxima in
December 2008 and February 2009 with averaged transport of 1.4 and 1.61 Sv. During EI Nino year
2009/2010, the divergent (positive) transport maximum was 2.6 Sv. However, in La Nina year 2010/2011
the divergent transport toward the coastal region was decreased to 2.12 Sv. Interestingly, the divergent
(positive) transport maximum occurred during EI Nino year 2009/2010 which was relatively short duration,
from December 2009 to April 2010. However, during La Nina year 2010/2011 the divergent transport was
much longer in duration from September 2010 to April 2011 (figure 5).

4. Conclusion

Surface circulation in BS is mainly driven by local reversal monsoonal winds, and influenced by upper
component of the ITF. Its magnitude and spatial variation of surface circulation are significantly modified
during the ENSO year. Model suggested that during the SEM period in EI Nino year 2009/2010 surface
inflow from Lifamatola and Halmahera was weakened and in western Papua waters a divergent circulation
was established. In La Nina year 2010/2011 the inflow from northern Banda was increased drastically,
which diminished divergent circulation in western Papua and increased sea surface height in BS. Transient
eddies with high kinetic energy were formed in southwest BS only during La Nina event. During the NWM
period, the inflow from Flores Sea into BS was increased.
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Figure 5. (A) The average of Ekman transport between surface and 56 m depth along the C-D transect
(see figure 1); and (B) time-series data of total Ekman transport, Nino3.4 and SOI indices from June
2008 to May 2011. Positive/red (negative/blue) transports mean downwelling (upwelling) episode.

Much higher kinetic energy of circulation in Flores Sea was found during 'normal’ year, weakened during
El Nino year, and increased during La Nina year with one-month delay phase of inflow peaks. Seawater
temperature within Ekman layer during the SEM period in ElI Nino 2009/2010 was anomalously much
warmer than that during 'normal’ year 2008. However, the thickness of Ekman layer in 'normal’ year was
much lower than that in ElI Nino year, and the shallowest Ekman layer occurred during La Nina year
2010/2011. The maximum divergent (negative) transport water mass that generates upwelling was revealed
during 'normal’ year, but minimum during La Nina year, due to positive transport (or downwelling) was
maximum during La Nina year with short time duration, compared to 'normal’ year.
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