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ABSTRACT

The temperature anomaly formation in the West Sumatra and South Java Waters plays an important role in the formation
of the Indian Ocean Dipole (IOD). There have not been many detailed studies on the evolution of temperature anomalies in the
subsurface layers in the area during the IOD events. In this study, temperature data from the HYCOM were used to examine
the evolution of temperature anomalies on the surface and subsurface in the event of negative 10D (nlOD) 2010 and positive
10D (plOD) 2012). The analysis was done using a cross-section plot and a Hovmodller diagram. It has shown that in the negative
10D 2010, a positive temperature anomaly in the subsurface layer was started four months earlier than the surface layer and
ended six months after the 10D event. In contrast to positive IOD 2012, a negative temperature anomaly formed in the surface
layer seven months earlier, and then move to the deeper layer coincide with the onset of the positive IOD event. The negative
anomaly in both layers was simultaneously over two months after the positive |IOD event over. The La-Nifia phase that coincides
with the positive or negative 10D event, influences the process of forming temperature anomalies in the subsurface layer, which
in this case supports (inhibits) the formation of positive (negative) temperature anomalies in negative (positive) IOD event. The
temperature anomaly in the subsurface layer can be an alternative indicator in identifying and predicting IOD events.
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INTRODUCTION

The tropical Indian Ocean has an important
contribution in the formation of the largest warm water
pool on earth and its interaction with the atmosphere
has also an important role in shaping climate on a
regional and global scale (Schott et al., 2009). The
phenomenon of displacement of warm water pools in
the Indian Ocean that oscillates with an inter-annual
period is called the Indian Ocean Dipole (IOD). This
phenomenon is characterized by a hotter (colder) sea
surface temperature anomaly in the western Indian
Ocean and a cooler (hotter) anomaly in the eastern
Indian Ocean (Saiji et al., 1999).

In addition to the anomaly of sea surface
temperature during the 10D events also will be followed
of changing some parameters such as sea surface
height (Fadlan et al., 2017; Zhou et al., 2015), salinity
(Sun et al., 2019; Yuhong et al., 2013), chlorophyll-a
concentration (Currie et al., 2013; Pandey et al., 2019),
ocean heat content (Radjawane et al., 2015; Xia & Wu,
2020), thermocline depth (Adiwira et al., 2018;
Vinayachandran et al., 2009), and the variation in
mixed layer depth (Keerthi et al., 2013; Santoso et al.,
2010). Furthermore, 10D events will affect changing in
climate conditions in the surrounding area, especially
the rainfall intensity (e.g. Hatmaja et al., 2019; Hidayat
& Ando, 2018; Kurniadi et al., 2021; Nur’'utami &
Hidayat, 2016; Risbey et al., 2009). The positive 10D
event will cause decreasing rainfall over Sumatra
Island, while the negative 10D event will increasing
rainfall and sometimes lead to heavy rainfall season.

The West Sumatra until South Java Waters are
the eastern part of the Indian Ocean, also known as
the South-Eastern Tropical Indian Ocean (SETIO)
area. The variability of SST anomalies in the waters of
West Sumatra and South Java is influenced by several
things, including the seasonal upwelling phenomenon
generated by the wind and the influence of the
Indonesian Throughflow or ITF (Delman et al., 2016).
Furthermore, local winds in the South of Java generate
upwelling while the SST anomaly is related to
anomalies that occur in the Indian Ocean during the
positive I0OD phase. Equatorial wave also play an
important role to generate SST anomaly during the
IOD forming. The Rossby and Kelvin wave associated
with easterly and westerly wind anomalies will
generated zonal current caused sea surface
temperature and sea level anomaly (Iskandar, 2012;
Iskandar et al., 2013).Therefore, the SST anomaly
formation process in this region has an important role
in the 10D formation process. The heat balance
analysis showed that air-sea heat exchanges play an
active role in the SST anomaly during negative 10D.
Meanwhile, the ocean heat advections mainly control
temperature anomaly in the mixed layer depth during
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positive 10D event (Horii et al., 2013).

The temperature anomaly that occurs in the IOD
event is not only formed in the surface layer but to the
subsurface layers. In the 2006 positive 10D event,
negative temperature anomalies were formed earlier
than the surface layer (Horii et al., 2008). These results
were obtained through analysis of observational data.
Further research for positive IOD events in 2006-2008
that occurred consecutively also showed the same
process, besides that anomalies formed in the lower
layers would last longer than anomalies in the surface
layers (Iskandar et al., 2014).

Based on the results of the research above, the
temperature in the subsurface layer may be one of the
parameters that can be used to better identify, predict,
and understand the mechanism of formation of 10D
events. Therefore, in this research, a study of the
subsurface temperature evolution will be carried out by
taking locations in the West Sumatra and South Java
waters which are part of SETIO under two IOD
conditions during 2010-2014.

METHODOLOGY

The research area is located from the West
Sumatran waters through the southern of Java to West
Nusa Tenggara waters (Figure 1). To obtain a better
analysis of the study area, two transect lines (dashed
green lines) were made, namely the A-B transect to
represent the West Sumatran waters and the B-C
transect for the southern waters of Java — West Nusa
Tenggara (NTB). Furthermore, three observation points
(black circles) were selected for each transect to be
used in a more detailed time analysis. The coordinates
of the start and end points of the transect as well as the
observation points are presented in Table 1.

Temperature data from the surface layer to a
depth of 300 m (assumed as subsurface layer) were
obtained from the HYbrid Coordinate Ocean Model
(HYCOM) which was further verified with NOAA's
RAMA buoy observations located at coordinates 8°S
and 100°E (shown by the star symbol in Figure 1). Data
verification is done by calculating the Coefficient of
Correlation, Root Mean Square Error (RMSE), and
bias. The equation used is shown in Eq. (1) — (3).
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Figure 1. Research area. Blue rectangular indicated the SETIO area.
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where n is number of data, y, i-th observation data, and
y, i-th model data (for i=1,2,3,...,N).

To test the significance of the correlation value (CC) we
used T-test with confidence level 95%. The T-test
equation shown in Eq. (4).

CCVM =2
Vi-cc? 4

Tcalculate =

The spatial resolution of HYCOM is 1/12° in the
horizontal direction, while in the vertical direction a
combination of isopycnal, sigma-z, and z-level
coordinates is used. The temporal resolution performed
on HYCOM is three hours which is then averaged to
obtain daily data. The data that was obtained from
HYCOM is daily sea temperature data for 20 years,
from January 1995 to December 2014. This data is
used to find monthly climatological anomaly values
which are then used to find monthly temperature
anomaly values in the study year. The data was filtered
using the low-pass filter method with a cut-off period of
13 months to eliminate seasonal effects. To support the
analysis, the Dipole Mode Index (DMI) and monthly
Nino Index 3.4 data obtained from the calculation
results of the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC) are also used.

RESULTS AND DISCUSSION

Verification of Temperature Data

Verification of vertical profile shown in Figure 2 for
2010 and Figure 3 for 2012. For both years, the vertical
temperature profile from the observation data and the

depth the temperature decreases. At a depth of 0-50
m, the model results match the field measurement
data, which is indicated by a line that coincides with an
ambient temperature of 28°-29°C. The model results
have a deeper mixed layer depth (MLD), which is up to
a depth of 60 m, while the observations show the MLD
depth is around 40 m.

A significant decrease in temperature occurs
at a depth of 50-200 m. In this layer, the observed
temperature has a lower value than the model
temperature. In June, there is a significant difference in
values at a depth of 50-100 m with a difference of about
1°-2°C. Meanwhile, a significant difference occurs in
July at a depth of 50-200 m with a difference of about
1°-4°C. From this vertical profile, can be concluded that
vertically the two data have a similar profile, but at a
depth of 50-200 m, the model data has a higher value
than the observation data.

The results of calculating the CC and RMSE
values for vertical profile data verification are shown
in Table 2. For all months, the CC value is close to
+1. The t-test with a confidence level of 95% has been
done to test the significance of the CC value. From the
t-test, it is found that all CC values are significant, this
indicates the model results can be used to perform
analysis because the values can represent the actual
value.

Vertical Profile Temperature Anomaly

Figures 4 and 5 show time series of the vertical
profile of temperature at selected observation points.
As the depth increases, the temperature anomaly
increases. The maximum value of positive/negative
temperature anomaly is in the depth range of 80 — 150
m, after a depth of 150 m there tends to be a decrease
in the temperature anomaly value.
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Figure 2. Verification of mean temperature vertical profile in (a) June 2010 and (b) July 2010. Blue line for
HYCOM data. Dashed red line for observation data (RAMA buoy).
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Figure 3. Same as Figure 2 for (a) April 2012 and (b) May 2012.

The thick black line in Figure 4b-d and Figure
5b-d shows the 20°C isotherm line. The mechanism
of initiation of 10D formation can be seen through the
isotherm depth of 20°C (hereinafter referred to as T20),
furthermore SST anomalies in the coastal areas of
Sumatra and Java, have a significant correlation with
T20 (Annamalai et al., 2003). Temporal changes in T20
depth (2010-2014) were reviewed at each selected
observation point and presented in the form of a

Hovmodller diagram (Figures 4 and 5).

Negative SST anomaly will cause shallowing of
T20, on the other hand, positive SST anomaly will cause
T20 depth to increase. In February-March 2010 (Figure
4b-d), the condition of the transect is dominated by
negative temperature anomalies, in this condition the
location of T20 is at a depth of 100 m. In the following
months, when positive anomalies began to form in the

Table 2. CC and RMSE from vertical verification of mean temperature vertical profile
Parameter 2010 2012
June July April May
RMSE (°C) 0.228 0.375 0.166 0.274
cc 0.996 0.988 0.997 0.995
t-test Significant Significant Significant Significant
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subsurface layer, the location of T20 became deeper,
ataround 120 — 130 m depth. The strengthening of the
positive anomaly in the subsurface layer that occurred
from August to October caused T20 to become deeper,
reaching a depth of 150 m.

Although the value of the anomaly is reduced,
the location of T20 still persists at around 150 m depth.
In 2012 the negative temperature anomaly began to
form in July in the surface to subsurface layers and
strengthened in August (Figure 5b-c). This causes the
depth of T20 which was originally around 120 m depth
to become shallower, which is around 100 m depth
in August. When the temperature warms up again
causing the negative temperature anomaly to weaken
in October, the location of T20 is again in a deeper
layer.

The maximum depth of T20 occurred in October
2010 at a depth of 150 m with a positive anomaly value
of 3.5 °C (Figure 5b-c). This condition coincided with
the peak of negative 10D in 2010. The minimum depth
of T20 occurred in the range of August — October 2012
at a depth of 100 m with a negative anomaly value
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of -3°C (Figure 5c-d), this condition coincided with the
occurrence of positive 10D.

Surface Temperature Anomaly Analysis

Based on the DMI value, it was found that the
occurrence of negative IODn in 2010 and positive
IODp in 2012. Negative IOD in 2010 occurred for three
months, starting in August, and ending in October.
Meanwhile, the 2012 IODp took place in a shorter
time, namely for two months, starting in August and
ending in September. Not only that, but there was also
a strong La-Nifia phase that occurred from mid-2010 to
mid-2011, which was then followed by a weaker La-Nia
phase in mid-2011 to mid-2012. List of IOD and ENSO
events during 2010-2014 is shown in Table 3.

The negative 10D event in 2010 lasted for three
months from August — October 2010. During that time,
the positive temperature anomaly values in the surface
layer ranged from 1°-2°C in both transects (Figures
6a and 7a). There is a clear strengthening of the
anomaly value in the eastern part of the A — B transect
(coordinates 100°-106° E), while on the B — C transect,
the positive temperature anomaly is amplified along the

Table 2. CC and RMSE from vertical verification of mean temperature vertical profile
Event Start End Duration
(Months)
nlOD August 2010 October 2010 3
La Nifa (strong) May 2010 April 2011 11
La Nifia (moderate) June2011 March 2012 7
plOD August 2012 September 2012 2
) Dipole Mode Index (DMI) and Nino 3.4 Index
(a) T T e Vertical temperature anomaly at point AB-1
(@ T
g
A NSES A
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Figure 4. (a) DMI and Nino 3.4 Index 2010 — 2014. Plot Hovméller time-depth at points (b) AB — 1, (c) AB

— 2, (d) AB — 3. The thick line indicates the T20 line, the blue (red) color indicates the negative

(positive) temperature anomaly.
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transect. The anomaly began to appear and disappear
at the same time as the start and end time of the 2010
negative IOD event. However, the positive temperature
anomaly could still be found on the B-C transect even
though the negative 10D event had ended. One of the
factors causing the positive anomaly to still be found
in the transect region B-C even though the negative
IOD event has ended is the strong La-Nifia phase that
occurred in the Pacific Ocean. This phase causes a
mass supply of warm water to the Southern Java
Waters (transect B-C) and causes conditions in the

Same as Figure 4 for point (b) BC -1, (c) BC -2, (d) BC - 3.
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surface layer to warm.

Throughout 2011, conditions in the surface layer
were dominated by negative temperature anomalies
with values around -1° to -2°C. The weak La-Nifa
phase that occurred in 2011 did not have an impact
on changes in the negative temperature anomaly that
continued to occur in the Southern Waters of Java. In
September-October 2011, there was a strengthening
of the negative temperature anomaly in the surface
layer, but the strengthening did not cause a positive
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Hovmoller diagram of monthly temperature anomaly in the transect A-B at depths a) 10 m, b) 50

m, ¢) 100 m, d) 150 m, and e) 200 m during 2010-2014.
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Figure 7. Same as Figure 6 for transect B-C.

I0OD condition.

The strengthening of the negative temperature
anomaly in the Southern Java waters can be caused
by the local upwelling phenomenon generated by the
wind. Previous studies have shown that upwelling in
the waters of Sumatra and Java is heavily influenced
by local winds along the coast associated with the
southeast monsoon and remote winds caused by
ocean-atmosphere interactions associated with ENSO.
In normal years, in the waters of Sumatra and South
Java, an upwelling phenomenon occurs in early June
to mid-October, this phenomenon will begin to occur
on the east coast of Java Island and move west-sea
to an area of 104°E with a propagation speed of 0,2 m/
sec. However, the alleged effect of upwelling from the
results obtained in this study still needs to be studied
further (Susanto et al., 2001).

The negative temperature anomaly began to
strengthen in July 2012 which was then followed by the
onset of positive IOD events in August (Figures 6a and
7a). However, this |IODp event did not last long because
in September the negative anomaly had weakened and
even began to be faintly visible on the B-C transect.
The absence of the EI-Nifio phase in the 2012 |IODp
event could be one of the reasons for the very short
IODp period. From the results of previous studies, it
is stated that most of the upwelling phenomena in
South Java are influenced by the EI-Nifio phase in the
Pacific Ocean, and partly influenced by the dynamics
of the Indian Ocean itself (Susanto et al., 2001). The
upwelling phenomenon that occurs in the waters of
Java, Sumatra and the Lombok Strait has an important
role in the mechanism for the formation of positive IOD
(Delman et al., 2016). Thus, the absence of El-Nifo
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events can reduce the upwelling phenomenon in the
waters of Southern Java and West Sumatra which
plays an important role in the formation of positive |IOD
events.

Subsurface Temperature Anomaly Analysis

The value of the positive/negative temperature
anomaly in the subsurface layer has a greater value
than the surface layer. In the event of negative 10D in
2010, a positive temperature anomaly on the transect
A-B was formed in April, four months before the onset
of the negative IOD event (Figure 6b-c). Meanwhile,
on the B-C transect (Figure 7b-c), at a depth of 50 m
and 100 m, positive anomalies appear in January and
August, respectively. The maximum positive anomaly
value of about 3°-3.5°C occurs during the peak phase of
the negative IOD in September-October. This positive
anomaly continues for two to six months after the end
of the negative IOD event and then gradually turns into
a negative temperature anomaly.

In contrast to the negative 10D incident in 2010,
the positive IOD event in 2012 a negative temperature
anomaly in the subsurface layer that coincided with the
start of the positive 10D event (Figures 6b-c and 7b-
c). As with the negative I0D, the maximum value of
the negative anomaly occurs during the peak phase
of the positive 10D in August-September with a value
of around -3°C. The negative anomaly in the transect
A-B disappeared along with the end of the positive IOD
event, while in the transect B-C negative anomaly was
still found two months later but with a lower anomaly
value and then turned into a positive anomaly.

The results of the analysis show that there
are differences in the evolution of the formation of
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temperature anomalies in positive and negative 10D
events. In the negative 2010 10D conditions, a positive
temperature anomaly had formed in the subsurface
layer several months ago. The evolution of temperature
anomalies that occurred in the formation of positive
IOD in 2012 was different from the positive IOD in 2006
-2008 which was studied by Iskandar et al. (2014). In
the 2006 positive 10D, a negative temperature anomaly
formed in the subsurface layer three months before
the onset of the positive IOD event. The existence of
differences in the evolution of temperature anomalies
in the same type of event can be influenced by other
physical phenomena, one of which may be local
upwelling events caused by local and remote winds
and the ENSO phenomenon that occurs in the Pacific
Ocean.

ENSO Phase Effect

The strong La-Nifia phase 2010-2011 and the
moderate La-Nia 2011-2012 also contributed to the
development of temperature anomalies in 10D events.
In the EI-Nifio (La-Nifia) phase, the ITF flow through
the Lombok Strait and other straits will bring cooler
(warmer) water masses to the Indian Ocean (Susanto
et al., 2001). This resulted in the negative 10D in 2010
positive anomalies in the subsurface layer that were
formed before the IOD event began and continued
to occur even though the IOD event had ended. On
the other hand, the La-Nifia phase that still occurred
in early 2012 prevented the formation of negative
anomalies in the subsurface layer.

CONCLUSION

Inthe 2010 negative IOD event that coincided with
the La-Nifia phase (strong), the positive temperature
anomaly appeared in the subsurface about four months
before the start of the 10D event and the anomaly in
the subsurface layer only ended six months later after
the 10D event ended. Meanwhile, in the positive 10D
event in 2012, negative temperature anomalies had
formed in the surface layer before the onset of the IOD
event. The anomaly only appeared in the subsurface
layer with the start of the negative 10D event in August
and disappeared gradually two months after the end of
the 10D event.

In general, the value of negative and positive
temperature anomaly has a greater value in the
subsurface than in the surface layer. The maximum
value of the positive temperature anomaly in the
subsurface layer can reach a value of >3.5°C while in
the surface layer it is 2°C. Furthermore, the value of
the negative temperature anomaly in the subsurface
is -3°C and on the surface is -1°C. The existence of
the 2010 — 2011 La-Nifia Phase which coincided with
the 2010 positive 10D event supported the formation
of positive temperature anomalies in the waters of
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West Sumatra and South Java, both in the surface and
subsurface layers. Meanwhile, the 2011-2012 La-Nifia
phase inhibited the formation of negative temperature
anomalies in the subsurface layer in the waters of West
Sumatra and southern Java.

In its evolution, horizontally the temperature
anomaly formed will move eastward, while in the vertical
direction there are two possibilities, namely rising to
the surface and moving down to the subsurface layer.
In the 2010 negative 10D, the anomaly formed in the
subsurface moves up to the surface layer. On the other
hand, in the positive IOD event in 2012, the negative
anomaly that had formed in the surface layer moved
down to the subsurface layer.

From the results of previous studies that have
been carried out, it shows that the temperature
anomaly in the subsurface layer is different from the
surface layer, besides that each positive or negative
IOD event in different years will have a different
evolution. The difference was caused by other
phenomena that accompanied the 10D incident in that
year. An understanding of the evolution of subsurface
temperature in the formation of IOD events can be an
alternative indicator to identify and predict IOD events
in the future. However, further studies are needed
by reviewing various scenarios of IOD events in
other years, one of which is 10D events that are not
accompanied by the ENSO phase.
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