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a b s t r a c t

Seasonal and interannual variations of sea surface temperature (SST) in the Banda Sea are studied for

the period of January 1985 through December 2007. A neural network pattern recognition approach

based on self-organizing map (SOM) has been applied to monthly SST from the Advanced Very High

Resolution Radiometer (AVHRR) Oceans Pathfinder. The principal conclusions of this paper are outlined

as follows. There are three different patterns associated with the variations in the monsoonal winds: the

southeast and northwest monsoon patterns, and the monsoon-break patterns. The southeast monsoon

pattern is characterized by low SST due to the prevailing southeasterly winds that drive Ekman

upwelling. The northwest monsoon pattern, on the other hand, is one of high SST distributed uniformly

in space. The monsoon-break pattern is a transitional pattern between the northwest and southeast

monsoon patterns, which is characterized by moderate SST patterns. On interannual time-scale, the SST

variations are significantly influenced by the El Niño-Southern Oscillation (ENSO) and Indian Ocean

Dipole (IOD) phenomena. Low SST is observed during El Niño and/or positive IOD events, while high SST

appears during La Niña event. Low SST in the Banda Sea during positive IOD event is induced by

upwelling Kelvin waves generated in the equatorial Indian Ocean which propagate along the southern

coast of Sumatra and Java before entering the Banda Sea through the Lombok and Ombai Straits as well

as through the Timor Passage. On the other hand, during El Niño (La Niña) events, upwelling

(downwelling) Rossby waves associated with off-equatorial divergence (convergence) in response to

the equatorial westerly (easterly) winds in the Pacific, partly scattered into the Indonesian archipelago

which in turn induce cool (warm) SST in the Banda Sea.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The Banda Sea, outlined by the Southern Molucca islands
(i.e. Seram, Sula and Buru islands) on the north and Nusa Tenggara
Islands Chain on the south, is located on the route of Indonesian
Throughflow (ITF) (Fig. 1). Part of the ITF waters flows through the
Banda Sea via Flores Sea in the south and Halmahera and Seram
seas in the north, before exiting to the Indian Ocean via Timor Sea
and Ombai Strait (Wyrtki, 1961; Gordon and Fine, 1996), and
through the Lombok Strait (Wyrtki, 1958; Gordon and Susanto,
2001). The upper part of this throughflow is an element of the
global thermohaline circulation which links the Pacific and Indian
Ocean (Gordon, 1986). Previous studies have confirmed the
importance of this throughflow on the global ocean and climate
circulation (Hirst and Godfrey, 1993; Godfrey, 1996; Schneider,
1998; Wajsowicz and Schneider, 2001; Lee et al., 2002).

The ITF water entering the Banda Sea experiences significant
transformation. Ffield and Gordon (1992) have suggested that
vertical mixing in the Banda Sea is responsible for the
transformation of the incoming Pacific water characterized by
subsurface salinity maximum into unique ITF water that has low
salinity (Ffield and Gordon, 1992). In addition, strong tidal mixing
in the Banda Sea enhances the mixing of deep and surface waters
leading to the modification of sea surface temperature (SST) in
this peculiar sea. This result is consistent with an early study that
suggested the role of advection, air-sea flux and seasonal
upwelling in controlling SST in the Banda Sea (Wyrtki, 1961).
Moreover, Gordon and Susanto (2001) found that seasonal change
in SST is associated with the local Ekman upwelling driven by the
monsoonal winds. They showed that SST decreases to about
26.5 1C during the southeast monsoon, while it increases to about
29.5 1C during the northwest monsoon. Similarly, recent studies
have also suggested that the monsoonal winds have a dominant
influence on SST variability within the Indonesian seas region
(Qu et al., 2005; Susanto et al., 2006; Kida and Richards, 2009).

Moreover, variability of the SST in the Indonesian region,
including the Banda Sea, has shown to have an important role on
climate variations in the Indo-Pacific sector, with important
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consequences for global climate (Qu et al., 2005). Climate-model
experiments show that precipitation over the western Pacific and
western Indian Oceans is very sensitive to the SST variations in
the Indonesian seas (Qu et al., 2005). Recent study has shown a
robust correlation between SST and precipitation over the
Maritime Continent (Dayem et al., 2007). High precipitation rates
over the Maritime Continent are associated with high SST. They
also suggested that the strength of the Walker Circulation is
related to the precipitation rates over the Maritime Continent.
When the precipitation increases, the surface easterlies over the
tropical Pacific Ocean are strengthened leading to a strong Walker
Circulation.

Understanding the SST variations in the Indonesian seas,
including the Banda Sea, is critical for understanding tropical
climate variability. However, study of the SST variability in this
region within a season, from season to season and year to year is
hindered by the dearth of in-situ observations. One of available
SST data in this region which have high spatial resolution and long
heritage (more than 20 years) is from the thermal infrared SST
measurement of Advanced Very High Resolution Radiometer
(AVHRR). This measurement, however, is sensitive to the presence
of cloud leading to uneven data in time and space, in particular in
the tropical ocean that is often covered by cloud. Taking
advantage of one particular method that has proved useful in
this respect so-called self-organizing map (SOM), this study further
exploits the satellite-retrieved SST variations in the Banda Sea.

The SOM is one type of unsupervised Artificial Neural Network
(ANN) that is mainly used for pattern recognition and classifica-
tion (Kohonen et al., 1995; Kohonen, 2001). It is a nonlinear,
ordered, smooth mapping of high-dimensional input data onto
the elements of regular, low-dimensional array. The SOM has
been applied widely to climate and meteorology (e.g. Hewitson
and Crane, 2002; Cavazos, 2000; Hong et al., 2004) and
oceanography (Richardson et al., 2003; Liu and Weisberg, 2005;
Liu et al., 2006a; Cheng and Wilson, 2006; Iskandar et al., 2008;
Tozuka et al., 2008). All these studies suggested that the SOM is a
powerful tool for identifying patterns of continuous, dynamic
processes in complex data sets.

The remainder of this paper is organized as follows. A brief
description of the data and method used in this study is given in

the next section. In Section 3, the seasonal and interannual
variations of SST in Banda Sea are analyzed using the SOM. In
particular, relationship between SST in the Banda Sea and ENSO as
well as Indian Ocean Dipole/IOD (Saji et al., 1999; Webster et al.,
1999; Murtugudde et al., 2000) phenomena is also discussed in
this section. Finally, discussion and summary are given in the last
section.

2. Data and method of analysis

2.1. Data

Monthly SST data set from the NODC/RSMAS AVHRR Oceans
Pathfinder version 5.0 is used in the present study. The data cover
the period from January 1985 to December 2007 with horizontal
resolution of 4 km. The SST data have been prepared by
calculating average in 0.251�0.251 boxes between 1231E to
1341E and 81S to 3.51N (see Fig. 1a). The land was removed from
the analysis, so that the input data consists of 808 sea pixels. The
final input matrix consists of 808 columns (pixels)�276 rows
(months).

In order to explain the dynamics underlying the SST variations
in the Banda Sea, monthly sea surface height (SSH) data with
horizontal resolution of 1/31�1/31 from the Archiving, Validation
and Interpretation of Satellite Oceanography(AVISO) are used. In
addition, the monthly winds from NCEP/NCAR reanalysis with
spatial resolution of 2.51 are also used to estimate the Ekman
upwelling and downwelling.

2.2. Self-organizing map (SOM)

Since the SOM is relatively new to oceanography, a brief
description of the method is given here. Prior to the analysis, the
input data are arranged into two-dimensional array with dimen-
sions equal to number of pixels per time step�number of time steps.
The SOM is then initiated by defining the shape and dimension of
the SOM array, which depends on the complexity of the studied
problem and the level of details desired in the analysis. In this

Fig. 1. The eastern Indonesian Seas and the location of Banda Sea bounded by box: 1231E–1341E, 81S–3.51S. The 100 m isobaths are shaded gray. The arrows indicate the

Indonesian Throughflow.
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study, several dimensions of the SOM array have been tested to
find the most sufficient array that covers the original data space. It
is found that a 3�4 SOM array is sufficient to describe the SST
variability in the Banda Sea. Note that each node i in the SOM
array is associated with a weight vector

,
wi that may be initialized

randomly and its dimension is equal to that of the input vector
,
x.

The training process starts by presenting the first input vector
to the SOM, and the activation of each unit for the presented input
vector is calculated using an activation function, which is
Euclidian distance between the weight vector of the unit and
the input vector. The node responding maximally to a given input
vector (i.e. the smallest Euclidian distance) is selected to be the
‘‘winner’’ or the Best-Matching Unit (BMU) ck:

ck ¼ argmin: x
!

k�
,
wi: ð1Þ

where ‘‘arg’’ denotes index,
,
xk indicates the present input vector and

,
wi is the weight vector. The weight vector of the winner is moved
towards the presented input vector by a certain fraction of the
Euclidean distance as shown by a time-decreasing learning rate a. In
this study, a linear time function is used for the learning rate a

aðtÞ ¼ a0ð1�t=TÞ ð2Þ

where a0 is the initial learning rate and T signifies the length of
training.

The weight vectors of units in the neighborhood of the winner

are also modified according to a spatial-temporal neighborhood
function e. The neighborhood function e also shrinks over time
and decreases spatially away from the winner. There are two types
of the neighborhood function available in the software; bubble

and Gaussian functions. Liu et al. (2006b) have conducted a
performance evolution of the SOM using patterns of a linear
progressive sine wave. Their study has shown that the bubble
function gives more accurate SOM patterns than the Gaussian
function. In this study, therefore, a bubble function is used for the
neighborhood function

eðtÞ ¼ Fðst�dciÞ ð3Þ

where st is the neighborhood radius that also linearly decreases
between the initial and the final step, dci is the distance between a
node and the winner node. F is a step function and it is defined as:

FðxÞ ¼
0 if xo0

1 if xZ0
:

(
ð4Þ

The learning rule, then, is defined as

,
wiðtþ1Þ ¼

,
wiðtÞþaðtÞeðtÞ

,
xðtÞ�

,
wiðtÞ

n o
, ð5Þ

where t denotes the current learning iteration and
,
x indicates the

currently presented input vector.
The training is performed in two phases. The first phase had a

learning rate of 0.5, an initial update radius of 4 and a training
length of 200 cycles. Then, the second phase had a learning rate of
0.1, an initial update radius of 1 and a training length of 500
cycles. After these training processes, the SOM array consists of a
number of patterns characteristic of the input data, with similar
patterns are mapped onto neighboring regions on the SOM array,
while dissimilar patterns are mapped farther apart.

3. Results

3.1. Seasonal variability from monthly mean climatology

Before calculating the monthly mean climatology, we first show
the time mean (1985–2007) and standard deviation of the observed
SST in the Banda Sea (Fig. 2). It is shown that the time-mean SST
reveals a clear east–west SST gradient with maximum value in the

western Banda Sea, decreasing eastward (Fig. 2a). The coldest SST
values are observed near the western coast of Papua, while warm
water is found in the southwestern Banda Sea near the Flores Sea.
On the other hand, the standard deviation field (Fig. 2b) indicates
that the greatest SST variation is found in the eastern Banda Sea, as
previously described by Gordon and Susanto (2001).

Gordon and Susanto (2001) have calculated the area-averaged
climatological monthly SST from the weekly optimal interpolation
SST analysis (Reynolds and Smith, 1994) during 1982–2000. It is,
then, useful to calculate the climatological monthly SST maps and
to compare the results with those obtained by Gordon and
Susanto (2001) to see whether the results reveal new features, in
particular the spatial patterns of the seasonal SST variation.

General feature of the climatological monthly SST maps is similar
to that found by Gordon and Susanto (2001), which shows two
prominent patterns of the SST variations (Fig. 3). The first pattern
shows that the Banda Sea have a period of warm SST (429 1C)
lasting during the northwest monsoon from November through
April. Note that the climatological monthly SST maps show that the
warm period is characterized by a roughly uniform SST throughout
the basin, though a slight cooling event is observed in the
southeastern basin near the Flores Sea during February. The
second pattern observed during June–September exhibits low SST
in the Banda Sea. This low SST pattern is characterized by a strong
SST gradient with colder SST near the eastern boundary of the basin.
A minimum SST of about 25 1C is observed in August at the
northeast and southeast corners of the basin.

Previous studies have suggested that seasonal variation of the
monsoonal winds is a dominant forcing for the seasonal SST
variations in the Banda Sea (Wyrtki, 1961; Gordon and Susanto,
2001). In particular, Wyrtki (1961) proposed that coastal upwel-
ling driven by southeasterly winds is responsible for the cool SST
during the southeast monsoon. Moreover, Gordon and Susanto
(2001) suggested that Ekman upwelling associated with south-
easterly winds is a driving force for the low SST in the Banda Sea.

More recently, using a regional ocean model, Kida and Richards
(2009) investigated in more detail the mechanism of seasonal SST
variability in the eastern Indonesian seas, e.g. Banda and Arafura

Fig. 2. (a) 23-year mean and (b) standard deviation of sea surface temperature in

the Banda Sea (1C).
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seas. They suggested that seasonal SST variability in the eastern
Indonesian seas is mostly controlled by the monsoonal winds.
Moreover, they found that about half of basin-averaged SST
variability is forced by the winds, while the remaining is
controlled by the heat fluxes in the surface. An important result
from their study is related to the strong SST gradient during the
southeast monsoon. They suggested that both southeasterly
winds and a unique bathymetry of the eastern Indonesian seas
cause the SST gradient. During this season, the winds generate
upwelling (downwelling) in the northern (southern) basin.
Strong upwelling in the northeastern basin where the bathymetry
is shallow enhances the SST cooling through the mixing of

subsurface water with the warm surface water. In addition, the
presence of shallow region in the eastern basin prevents the
advection of warm water from the western basin.

3.2. Seasonal variability from 3�4 SOM results

The 3�4 SOM array representing the SST variations in the
Banda Sea is shown in Fig. 4. This SOM array has been arranged in
such a way that similar SST patterns are located adjacent to one
another, while dissimilar patterns are located farther away from
each other. Each map represents a typical SST patterns within the

Fig. 3. Climatological monthly mean SST pattern in the Banda Sea. (a) january; (b) febraury; (c) march; (d) april; (e) may; (f) june; (g) july; (h) august; (i) september; (j)

october; (k) november; (l) december.

I. Iskandar / Continental Shelf Research 30 (2010) 1136–1148 1139
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original data, which is constructed from the weights on that
particular node. Note that the total number of the SOM patterns is
similar to that from monthly mean climatology, so that results
from the SOM analysis can be compared with those from the
climatological analysis. This comparison may provide new
insights into the seasonal SST variations in the Banda Sea, which
are captured by the SOM analysis.

Generally, low SST patterns are located on the top-two rows of
the SOM array, while high SST patterns are distributed in the
bottom row of the SOM array. The transitional patterns char-
acterized by moderate SST patterns are located in the third row of
the SOM array. Also, there is remarkable difference between node

1 and node 12. In node 1, low SST covers the Banda Sea especially
in the eastern part. In contrast, high SST covers most of the Banda
Sea region in node 12.

The temporal evolution of those spatial SST patterns is
expressed in the BMU time series (Fig. 5a). The BMU indicates
that the SST patterns in the Banda Sea have both seasonal and
interannual pattern. Generally, the seasonal variation indicated by
the BMU shows that the northwest monsoon is characterized
by nodes 10–12, while the southeast monsoon is dominated
by nodes 1–4. This seasonal variation is in a good agreement with
the seasonal variation of the winds (Fig. 5b). It is clearly shown
that the downwelling (upwelling) favorable winds during the

Fig. 4. A 3�4 SOM of SST in the Banda Sea. The relative frequency of each pattern is shown in the top of each pattern: (a) node-1: 13.0%; (b) node-2: 3.3%; (c) node-3: 9.4%;

(d) node-4: 5.8%; (e) node-5: 3.3%; (f) node-6: 2.8%; (g) node-7: 8.3%; (h) node-8: 10.5%; (i) node-9: 5.1%; (j) node-10: 10.2%; (k) node-11: 9.8% and (l) node-12: 18.5%.

I. Iskandar / Continental Shelf Research 30 (2010) 1136–11481140



Author's personal copy
ARTICLE IN PRESS

northwest (southeast) monsoon induce Ekman convergence
(divergence).

To further evaluate the seasonal variation, monthly frequency
maps of the 3�4 SOM are calculated (Fig. 6). These maps indicate
how frequent each particular node in the SOM array appears in
the original data. It is shown that during the northwest monsoon
from November through April, high SST patterns located in the
bottom row of the SOM array appear more frequently on the
monthly frequency maps. Node 12 mostly occurs during
November and December. In January, nodes 10 and 12 dominate
the SST pattern, while node 10 and 7 mainly appear in February.
Node 11 appears mostly from March to April, with peak frequency
of occurrence in March.

On the other hand, the most frequent pattern during the
southeast monsoon from June through September is the top row
nodes in the SOM array, which are characterized by low SST
patterns. Node 3 occurs mostly during June, while node 1 mainly
appears from July through August with peak frequency of
occurrence in August. In September, nodes 1, 3 and 4 dominate
the SST pattern in the SOM array. The May and October patterns
are the transition between the northwest and southeast mon-
soons, which are populated mostly by node 8 and node 7,
respectively. This transition pattern is characterized by moderate
SST patterns. As a whole, the seasonal variability of the SST in
Banda Sea obtained from the SOM analysis can be defined into
three categories: (1) southeast monsoon pattern which is
populated by nodes 1 through 6, (2) northwest monsoon pattern
which is populated by nodes 9 through 12, and (3) transition
pattern which is characterized by moderate SST pattern in nodes
7 and 8. This result is in good agreement with that obtained from
monthly mean climatological analysis (see Fig. 3). Thus, we may
suggest that the SOM is successful in detecting the seasonal
variation of the SST in the Banda Sea.

In addition, it should be noted that the SOM method is a
nonlinear analysis based on the iterative learning process. The
resulting SOM array from this analysis is not a simple average of

data as in the monthly climatology. Therefore, it may suggest that
the seasonal patterns reproducing from the SOM analysis are
more accurate than the monthly mean maps. As shown in Figs. 5a
and 6, one particular pattern may be found in several months,
while the other may appear just in one month. Thus, each pattern
of the SOM has different frequency of occurrence. For example,
pattern 12 characterized by high SST can be seen in November
and December, while the monthly climatology of the SST only
shows that this pattern only appear in December.

3.3. Interannual variation and its relation to ENSO and indian ocean

dipole

As shown by the BMU time series (Fig. 5a), the SST patterns
in the Banda Sea also exhibit interannual variations. In order
to evaluate the interannual variations of the SST in Banda Sea,
annual frequency maps for each annual cycle from April to
March of the following year are calculated. The maps are
constructed by calculating the number of month mapped to each
node in the SOM array. Note that the definition of the annual cycle
is designed to capture the occurrence of both ENSO and IOD
events.

Fig. 7 shows the annual frequency maps for La Niña years in
1988/89 and 1998/99, El Niño years in 1986/97, 1991/92 and
2002/03, IOD years in 1994 and 2006, and El Niño co-occurred
with IOD in 1997/98. The definition of ENSO and IOD years is
based on the Niño-3.4 index and Dipole Mode Index (DMI),
respectively (Fig. 8). The Niño-3.4 index is computed from
monthly SST anomaly (SSTA) in the region 51N–51S, 1201–
1701W. Positive anomalies larger than one standard deviation
indicate El Niño events, and negative anomalies smaller than one
standard deviation indicates La Niña events. On the other hand,
the DMI is defined as the SSTA difference between the western
equatorial Indian Ocean (501E–701E, 101S–101N) and the eastern
equatorial Indian Ocean (901E–1101E, 101S–equator) (Saji et al.,
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Fig. 5. Time series of (a) the best-matching unit (BMU) for the twelve SOM patterns shown in Fig. 4, (b) Ekman velocity averaged over the Banda Sea. Note that positive

(negative) value is associated with upwelling (downwelling).
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1999). Positive DMI larger than one standard deviation refers to
positive IOD event, while negative IOD event is represented by
negative DMI smaller than one standard deviation. Note that the
ENSO events is defined when the Niño3.4 index exceeds its one
standard deviation for at least 4 consecutive months (Trenberth,
1997), while the IOD events is defined if the DMI exceeds its one
standard deviation for at least 3 consecutive months (Saji et al., 1999).

It is shown that during the La Niña event in 1988/89 and 1998/
99, the SOM array is mostly populated by node 12, which is
associated with high SST (Fig. 7a–b; see also Fig. 4). On the other
hand, though each El Niño event indicates different nodal
patterns, the annual frequency maps (Fig. 7c and d) shows that
the El Niño events are mostly dominated by node 1 (negative
SSHA). An exception is during the 2002/03 El Niño event where
nodes 2 and 3 dominate the SST pattern in the Banda Sea (Fig. 7e,
see also Fig. 4). These results are consistent with the previous
findings of Gordon and Susanto (2001). They attributed the

interannual variations of the SST in Banda Sea to the fluctuation of
thermocline depth in respond to the remote forcing associated
with the ENSO dynamics.

Interesting features captured by the SOM analysis are
associated with the IOD event. During IOD event in 1994 and
2006, the Banda Sea experiences cooling event as the SOM array is
mostly populated by node 1 (Fig. 7f and g, see also Fig. 4). In 1997/
98 when the IOD co-occurred with the El Niño event, the SST in
the Banda Sea is characterized by the low SST as expected
(Fig. 7h). These results suggest that the IOD event also can have a
significant impact on the interannual SST variations in the Banda
Sea, which is associated with low SST.

Note that the difference in nodal patterns for each particular El
Niño and IOD events can be attributed to the definition of the
annual frequency maps, which is from April to March of the
following year. Using this definition, during the El Niño events we
may observe a relatively warm SSTA, which typically occur during

Fig. 6. Monthly frequency maps (%), showing the frequency that SOM patterns identified in Fig. 4 occurred for each month. Note that the coordinates correspond to those of

Fig. 4 and percentages in each month sum to 100.

I. Iskandar / Continental Shelf Research 30 (2010) 1136–11481142
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April. Similarly, during the IOD events, we may also find warm
SSTA after the termination of the event in January–March. This is
the reason why we still have warm SSTA pattern during both El
Niño and IOD events.

During the 2002/03 El Niño event, although the annual
frequency maps do not show the occurrence of node 1, this
typical event is still dominated by the negative SSTA pattern
indicated by nodes 2 and 3. It should be noted that the 2002/03

Fig. 7. The annual frequency maps (%) of the SSTA in the Banda Sea. (a–b) during La Niña event, (c–e) during El Niño event, (f–g) during IOD event, and (h) during El Niño

which co-occurred with IOD event. Note that the coordinates correspond to those of Fig. 4 and percentages in each year sum to 100: (a) La Nina 1988/1989; (b) La Nina

1998/1999(c) EI Nino 1986/1987(d) EI Nino 1991/1992(e) EI Nino 2002/2003(f) IOD 1994; (g) IOD 2006; (h) EI Nino 1997/98

Fig. 8. a) The Niño-3.4 index and b) the Dipole Mode Index (DMI) for January 1985–December 2007. The Niño-3.4 is computed from monthly SSTA in the region 51N–51S,

1201–1701W. The DMI is calculated from the SSTA difference between the western equatorial Indian Ocean (501E–701E, 101S–101N) and the eastern equatorial Indian Ocean

(901E–1101E, 101S–equator) from Saji et al. (1999). The horizontal dashed lines indicate one standard deviation.

I. Iskandar / Continental Shelf Research 30 (2010) 1136–1148 1143
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Fig. 9. The evolution of the sea surface temperature anomaly (left) and the surface winds anomaly superimposed on the sea surface height anomaly (right) during the El

Niño event in 2002/2003. Note that only negative sea surface height anomaly is plotted to show the upwelling Kelvin waves: (a) December 2002; (b) January 2003; (c)

February 2003;(d) March 2003;(e) April 2003;(f) December 2002;(g) January 2003;(h) February 2003;(i) March 2003; (j) April 2003

I. Iskandar / Continental Shelf Research 30 (2010) 1136–11481144
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event was of moderate strength event (McPhaden, 2004). We
could speculate that this is the reason for moderate negative SSTA
in the Banda Sea during this particular event.

In addition, it is also of interest to see the respective influence of
the El Niño and IOD on the interannual SST pattern in the Banda Sea.
The annual frequency maps (Fig. 7) shows that the IOD events

Fig. 10. As in Fig. 9 except during the Indian Ocean Dipole event in 1994: (a) june; (b) July; (c) August; (d) September; (e) October; (f) June; (g) July; (h) August; (i)

September; and (j) October.

I. Iskandar / Continental Shelf Research 30 (2010) 1136–1148 1145
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characterized by almost similar patterns (Fig. 7f and g), while the El
Niño events have different patterns from event to event (Fig. 7c–e).
On the other hand, when the El Niño co-occurred with the IOD

event, the SST pattern in the Banda Sea indicates a similar pattern
with that of the IOD pattern (Fig. 7h). However, it is difficult to show
with confidence the dominant forcing for the interannual SST

Fig. 11. As in Fig. 9 except during the Indian Ocean Dipole and El Niño events in 1997. (a) July; (b) August; (c) September; (d) October; (e) November (f) July; (g) August; (h)

September; (i) October and (j) November.
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variation in the Banda Sea using this limited data. It seems that
longer data and or model sensitivity experiments are required to
quantify the impact of the IOD and El Niño, respectively.

4. Discussion and summary

Seasonal and interannual variations of SST in Banda Sea are
examined with SOM analysis using the observed SST data set from
AVHRR Oceans Pathfinder version 5.0 for the period of January 1985
through December 2007. A 3�4 SOM array reveals characteristic of
seasonal and interannual SST patterns in the Banda Sea.

At seasonal cycle, the SOM results can be categorized into
three different patterns associated with the variations in the
monsoonal winds: the southeast and northwest monsoon pat-
terns, and the monsoon-break patterns. The southeast monsoon
pattern is characterized by low SST due to the prevailing
southeasterly winds that drive Ekman upwelling from June
through September. The northwest monsoon pattern, on the
other hand, is one of high SST distributed uniformly in space
which reveals from November through April. The monsoon-break
pattern, which appears during May and October, is a transitional
pattern between the northwest and southeast monsoon patterns.
This pattern is characterized by moderate SST, which is roughly
distributed throughout the basin.

On interannual time-scale, the SST patterns in the Banda Sea
can be defined into two composite categories: La Niña pattern and
El Niño and/or IOD pattern. The La Niña pattern is characterized
by high SST, while the El Niño and/or IOD pattern is associated
with low SST.

The dynamics underlying the interannual SST variation in the
Banda Sea is still an open question. Gordon and Susanto (2001)
proposed that the interannual variation of SST in the Banda Sea is
due to thermocline fluctuations associated with ENSO dynamics.
Previous studies have suggested the importance of remote forcing
from the Pacific and the Indian Oceans on the dynamics of the
Banda Sea (Wijffels and Meyers, 2004; McClean et al., 2005). This
study shows that the interannual SST variations in the Banda Sea
are associated with the dynamics of wind-forced equatorial Kelvin
and Rossby waves whose signals reached the Banda Sea. Fig. 9
shows the evolution of SSTA, SSH and wind anomalies during El
Niño event in 2002/2003. It is shown that upwelling off-
equatorial Rossby waves associated with the off-equatorial
divergence generated by the westerly winds along the
equatorial Pacific Ocean propagate westward. After reaching the
eastern coast of Papua, part of these upwelling Rossby waves
reflected back into equatorial waveguide and partially scattered
into the Indonesian archipelago as coastally trapped waves
(CTW). These upwelling CTW in turn cool SST in the Banda Sea.
The situations reverse for the La Niña event (not shown).

The equatorial Indian Ocean Kelvin waves have also been
suggested to penetrate into the Indonesian Seas as far as Makassar
Strait and the western Banda Sea (Sprintall et al., 2000; McClean
et al., 2005). Moreover, this study shows a unique feature of the
SST patterns in the Banda Sea associated with the IOD event. As
shown in Fig. 10, in June 1994 upwelling Kelvin waves generated
by the anomalous easterly winds propagate southeastward along
the coastal waveguide. These upwelling Kelvin waves propagates
further eastward and then penetrates into Indonesian Seas
through the Lombok and Ombai Straits as well as the Timor
Passage by July, which then cool SST in the Banda Sea.

When the IOD co-occurred with the El Niño event, the SST in
the Banda Sea is affected by the signal from both the Indian and
Pacific region (Fig. 11). In the Indian Ocean site, the upwelling
coastal Kelvin waves generated by the easterly winds propagate
along the coastal waveguide and then penetrate into the Banda

Sea. Subsequently, the upwelling off-equatorial Rossby waves in
the Pacific Ocean scattered into the Banda Sea as upwelling
coastal Kelvin along the western coast of Papua. These waves then
propagate southward along the Arafura and Australia shelf breaks,
which in turn cool SST in the Banda Sea.

The present study shows a unique SST pattern in the Banda Sea
associated with IOD and El Niño events. The former is character-
ized by almost similar SST patterns from event to event, while the
later has different pattern for each event. On the other hand, when
the El Niño co-occurred with the IOD event, the SST pattern in the
Banda Sea indicates a similar pattern with that of the IOD pattern.

Another forcing mechanism that may lead to the interannual
SST variation in the Banda Sea is advection of Pacific warm pool
water by the Indonesian Throughflow (ITF). Strong ITF is observed
during La Niña event (Meyers, 1996), which is likely to create a
warm SST in the Banda Sea. However, this mechanism may not
work during El Niño event as the ITF is weakened.
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