ﬁ water

Article

Long-Term Trend and Variability of Volume Transport and
Advective Heat Flux through the Boundaries of the Java Sea
Based on a Global Ocean Circulation Model (1950-2013)

Rima Rachmayani, Nining Sari Ningsih *, Farrah Hanifah and Yasmin Nabilla

check for
updates

Citation: Rachmayani, R.; Ningsih,
N.S.; Hanifah, F.; Nabilla, Y.
Long-Term Trend and Variability of
Volume Transport and Advective
Heat Flux through the Boundaries of
the Java Sea Based on a Global Ocean
Circulation Model (1950-2013). Water
2023, 15, 740. https://doi.org/
10.3390/w15040740

Academic Editor: Changming Dong

Received: 24 December 2022
Revised: 30 January 2023
Accepted: 5 February 2023
Published: 13 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Research Group of Oceanography, Faculty of Earth Sciences and Technology, Institut Teknologi Bandung,
J1. Ganesa No. 10, Bandung 40132, Indonesia
* Correspondence: nsningsih@itb.ac.id

Abstract: The variability and trend of volume and advective heat flux, in addition to the net inflow
and outflow of advective heat flux in the Java Sea for 64 years (1950-2013), along with its relationship
with the monsoon, ENSO (EI Nifio Southern Oscillation), and IOD (Indian Ocean Dipole), have all
been studied. A simulation of the 3D hydrodynamic HYCOM (HYbrid Coordinate Ocean Model)
with a 1/8° grid resolution was performed in this study. Judging from the simulated results, the
seasonal variability, which has a period of 12 months, has a very significant impact on contributing to
the variability and trend of volume and advective heat flux, as well as the net inflow and outflow of
advective heat flux in the Java Sea for 64 years. This is followed by interannual variability, which
has a time range of 1.5-6.5 years, and interdecadal variability, with a period of 21.3-32 years. The
interannual variability in the Java Sea is strongly caused by ENSO and IOD. El Nifio and a positive
IOD caused a weakening of southward transport through Karimata and the Bangka Strait. On the
contrary, southward transport strengthened during La Nifia and the negative IOD. Furthermore,
La Nifia and a positive IOD both strengthen (weaken) the transport westward (eastward) in the
Sunda Strait (Eastern Java). On the other hand, El Nifio and a negative IOD weaken (strengthen) the
westward (eastward) transport in the Sunda Strait (Eastern Java). According to the findings, the IOD
effect is stronger than the ENSO effect in the Java Sea. The inflow and outflow of volume transport in
the Java Sea are in balance, but not the advective heat flux. The advective heat transported through
Karimata and Bangka Strait to the Java Sea is up to 0.216 PW, while the total advective heat flux
through the outflow straits (Sunda Strait and Eastern Java) is 0.220 PW. Thus, the net advective heat
flux out of the Java Sea is 0.004 PW, allegedly obtained from an atmosphere—sea interaction in which
the sea received heat from the atmosphere.

Keywords: volume; heat; transport; ENSO; IOD; Java Sea

1. Introduction

The Indonesian Throughflow (ITF) is significant for the global climate system and acts
as the top branch of the global heat conveyor belt [1]. The total mass of water transported
through a cross-sectional area is defined as “transport volume”, and it is heavily influenced
by the current. Similarly, advective heat flux occurs at sea in addition to volume transport
and is influenced by currents, temperature, and water density [2,3]. Therefore, understand-
ing the variability of advective heat flux is critical to understanding climate change [4,5].
A western route through the South China Sea (SCS), the Karimata Strait, and the Java
Sea are one of the main ITF input paths [6,7]. Because of its lower water depths, it was
formerly believed that the ITF intake through the western route had no impact on the main
ITF [8-11]. Recent research has shown that the primary ITF’s seasonal magnitude and vari-
ability are significantly influenced by the SCS-Indonesian Seas transport/exchange (SITE)
through the Karimata Strait, mostly as a result of the alternating monsoon forcing [12-21].
According to [5], advective heat flux is dominant in the Atlantic and Pacific Oceans, while
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strong advective heat flux exists between the Pacific and Indian Oceans. Research in [4]
conducted an analysis in the SCS on volume transport, advective heat flux, and net heat
flux with smaller coverage and higher resolution. Investigation of the importance of the
upper ocean zonal and meridional volume transport in the Arabian Sea and the Bay of
Bengal simulated with a higher resolution of regional modeling Massachusetts Institute
of Technology General Circulation Model (MITgcm) of ~10 km horizontal resolution, in
order to realistically simulate circulation and hydrography in the area is conducted by [22].
In the identical domain and configuration of MITgcm, [23] carried out several sensitivity
experiments to understand and quantify the role of air-sea forcing on the surface and
sub-surface hydrography, circulation, and mixed layer depth.

A study of [4] discovered that the advective heat flux that exits the SCS was 0.059 PW
greater than that enters the SCS. This excess heat is thought to be caused by the ocean-
atmosphere interaction, in which the atmosphere provides a heat input of 0.059 PW to the
SCS [24]. Numerous recent studies have revealed that the SCS has a substantial influence on
the ITF [13-15,17,25-27] and is crucial to Southeast Asia’s climate system [28,29]. The heat
and freshwater budgets associated with the SCS interoceanic circulation (Luzon, Taiwan,
Mindoro, Balabac, Karimata, and Malacca) are well recognized [4,11,19]. This study will
discuss volume transport, advective heat flux, and net advective flux in and out of the
Java Sea, similar to what [4] did in the SCS. A study [30] investigated volume transport
in Indonesian waters and discovered that the Java Sea’s mean volume transport enters
through the Karimata Strait and exits through the Sunda Strait and East Java. Research
in [31] investigated the variability of volume transport in the Karimata Strait, the Sunda
Strait, and East Java and concluded that monsoons, ENSO (El Nifio Southern Oscillation),
and the Dipole Mode (DM) event all have a strong influence on circulation in these three
straits [32,33]. Farther to the west in the Indian Ocean, [34] attempted to inspect the main
large-scale patterns of intra-seasonal mixed layer depth (MLD) variations and assess their
potential impact on the related sea surface temperature (SST) response. Using oceanic
simulation, the active or break phase of the Indian monsoon in summer and the Madden-
Julian Oscillation (MJO) in winter are the drivers of MLD variations in the Indian Ocean.
Moreover, [35] investigated that the Indian Ocean Dipole (IOD) is responsible for most
variations in the 10° N-10° S-band, with positive phases associated with a shallow MLD
in the equatorial and south-eastern Indian Ocean and a deepening in the south-central
Indian Ocean.

In the case of the Java Sea, even with its interoceanic passageways, the Java Sea
has not yet been thoroughly investigated in terms of both observations and numerical
models [36-38]; in particular, the importance of the variability and trend of volume and
advective heat flux, in addition to the net inflow and outflow of advective heat flux that
supports the ecosystems in the Java Sea, such as fish and seagrass ecosystems. The inflow
and outflow of advective heat flux and volume transport in the Java Sea, as well as the net
advective heat flux in these waters, are calculated and analyzed in this study. Although
seasonal variability will be explained, the discussion will focus on interannual and decadal
variability due to the length of the data used from 1950 to 2013 (64 years). The volume
transport and advective heat flux trends (linear trend) in the Java Sea straits will also be
observed. The goal of this study is to investigate the volume transport and advective heat
flux characteristics, as well as calculate the net advective heat flux in and out of the Java
Sea over a 64-year period using a three-dimensional (3D) hydrodynamic model of HYbrid
Coordinate Ocean Model (HYCOM) with a 1/8° grid resolution. Thus, the long-term trend
and variability of advective heat flux and volume transport in the Java Sea’s interoceanic
channels (Java Sea) are investigated.

In order to determine the existence of net heat gain across the surface of the Java
Sea, it is necessary to analyze the Java Sea interoceanic circulation and its related heat
budget [29,39-41]. To understand the long-term trend and variability of volume trans-
port and advective heat flux through the Java Sea’s boundaries, Section 2 discusses the
significance of data and model simulation. The study’s results are presented in Section 3.
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In comparison to other earlier research, Section 4 presents a thorough investigation of
the long-term trend and variability of volume transport and advective heat flux, and the
conclusion is summarized in Section 5.

2. Materials and Methods

Figure 2.1a shows the Indonesian waters from the global model, which includes
the Java Sea boundaries and a regional area of interest at 21.5° 5-23° N and 90°-139° E.
(Figure 2.1b). As shown in Figure 2, four transects—Karimata Strait (transect 1), Bangka
Strait (transect 2), Sunda Strait (transect 3), and Eastern Boundary of Java Sea (transect
4)—have been chosen as paths for volume transport and advective heat flux in the Java Sea.
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Figure 1. Indonesian maritime domain drawn from the global model (a), and Java Sea boundaries
taken from the regional model (b).

2.1. Data

The Java Sea’s features, volume transport variability, and advective heat flux were studied
using bathymetry, monthly density, temperature, and ocean current data from the HYCOM.
Table 1 summarizes the data information for model input and verification. In order to
examine the interannual variability in volume transport as well as advective heat flux,
supporting data from the Ocean Nifio Index (ONI) and Dipole Mode Index (DMI) were
taken into consideration. The National Oceanic and Atmospheric Administration (NOAA)
and Japan Agency for Marine-Earth Science and Technology (JAMSTEC) provided the data,
which were acquired from their respective websites. To examine the decadal variability,
Pacific Decadal Oscillation (PDO) data from the Joint Institute for the Study of Atmosphere
and Ocean (JISAO) (http:/ /research jisao.washington.edu (accessed on 12 May 2015)) were
used. Additionally, the transport trend into and out of the Java Sea was examined using
wind data from the National Centers for Environmental Prediction (NCEP).
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Figure 2. The Java Sea with four dark blue-lined transects: (1) Karimata Strait, (2) Bangka Strait,
(3) Sunda Strait, (4) Eastern Boundary of Java Sea (EBoJS) (Modified after [42]).

Table 1. Information about data used for model input and verification.

Parameter Resolution Period Source References
Bathymetry 2/ - ETOPO2 [43]
Temperature
Salinity - - LEVITUS9%4 [44-47]
Air Temperature
Model Humidity
tput Rainfall 1875° 1949-2013 NCEP Reanalysis [48]
Solar Radiation
Wind
SST (assimilation) 1875° 1949-2013 NCEP Reanalysis [48]
Surface Current 1° 1993-2013 Ofna;s:;f?gs%%m
Verification SSHA 1/3°  1993-2010 AVISO [49,501
SST 2° 1949-2013 NOAA

2.2. Model Setup Experiment

In this study, the HYCOM was simulated in three dimensions [51]. Two alternative
spatial resolution scenarios—a global model with a grid resolution of 1/2° and a regional
model with a grid resolution of 1/8°—were utilized to conduct the simulations (Figure 2.1).
Three steps of the simulation are performed as follows: (1) spin-up simulation for 20 years,
(2) simulate the global model, and (3) run the regional model for each 64-year period
between 1950 and 2013 [50,52]. In addition, the verification of the HYCOM simulation
performed in this study is documented in [52]. Table 2 provides details on the global and

regional models.
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Table 2. Setting of the experiment for global and regional models.
Global Model Regional Model
Model Domain 60° S-60° N and 180° W-180 VE 21.5° S-23° N and 90° E-139° E
Resolution 1/2° 1/8°
Layer 22 22
. ETOPO2 (2’ resolution) +
!
Bathymetry ETOPO2 (2’ resolution) DISHIDROS map
Simulation Period 64 years (1950-2013) 64 years (1950-2013)

3. Results
3.1. Zonal and Meridional Volume Transport and Advective Heat Flux through the Boundaries of
the Java Sea

Volume transport and advective heat flux calculations in the Sunda Strait, East Java,
and Karimata Strait have been done in a number of studies. Tables 3 and 4 provide a
comparison of the volume transport and advective heat flux calculations used in this
investigation with those used in earlier studies, respectively. In this study, movement to
the north or east is indicated by a positive value for transport, whereas movement to the
south or west is shown by a negative number. Transport with negative signs is obtained
from all studies’ calculations of the volume transport and advective heat flux (—1.97 and
—0.204) in the Karimata Strait, suggesting that the volume transport and advective heat
flux have migrated into the Java Sea. However, the amount of transport calculated for each
investigation varies. This could be caused by differences in the computation strategy, the
number of grids, or other factors. For example, along with the Karimata Strait, the mean of
volume transport (advective heat flux) conveyance into the Java Sea by the Bangka Strait is
—0.12 PW (—0.012 PW), whereas volume transport (advective heat flux) exits of the Java
Sea is provided by the Sunda Strait and Eastern boundary of Java Sea (EBoJS) at (—0.70 PW)
—0.072 PW and (1.39) 0.148 PW, respectively (Tables 3 and 4).

Table 3. Volume transport in Karimata Strait, Bangka Strait, Sunda Strait, and Eastern Boundary of
the Java Sea are compared to earlier research. Positive (negative) values indicate north or east (south
or west) transport.

Volume Transports (Sv = 10 m3/s)

Source Karimata  Bangka Sunda Strait (3) Eastern Boundary Period of Data Method
Strait (1)  Strait (2) of the Java Sea (4)
Numerical Model
[53] ~0.30 1992-2000 (9 years) (OCCAM, 1/4%)
[26] —2.10 Numerical Model
Numerical Model
[31] ~1.01 —0.62 0.29 19592002 (44 years) (HAMSOM, 1/6%)
[13] —1.30 Numerical Model
[4] —1.16 1982-2003 (22 years)  Numerical Model (1/6°
y
[54] —0.30 Numerical Model
[18] —1.60 Numerical Model
December .
[19] ~0.80 2007-November 2008 [0ughly estimate from
(1 year) ADCP measurement
[21] ~0.58 2003-2010 (8 years) Numerical Model

(HYCOM, 1/12.5°)
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Table 3. Cont.

Volume Transports (Sv = 10° m3/s)

Source Karimata  Bangka Sunda Strait (3) Eastern Boundary Period of Data Method
Strait (1)  Strait (2) of the Java Sea (4)
Numerical Model
[30] —0.87 —0.12 0.70 1950-2011 (62 years) (HYCOM, 1/4°)
November
[8] —0.50 2008-October 2009 ADCP measurement
0.24 (the boreal
[55] winter)/—0.83 (the 2008-2009 ADCP measurement
boreal summer)
Present .
Study -1.97 ~0.12 —0.70 1.39 19502013 (64 years) Numerical Model
(HYCOM, 1/8°)
(2017)
Note: (+)/(—) value indicates northward /southward transport in the Karimata and Bangka Straits. (+)/(—) value
indicates eastward /westward transport in the Sunda Strait and Eastern Boundary of Java Sea.
Table 4. As in Table 3, but for the advective heat flux. Positive (negative) values indicate north or
east (south or west) transport.
Advective Heat Flux (PW = 105 W)
Source Karimata Bangka Sunda Eastern Period of Data Method Notes
Strait (1)  Strait (2) Strait(3) poundaryof
the Java Sea (4)
4] _0113 1982-2003 Numerical Annual mean
’ (22 years) Model (1/6°) value
December estlizn(i;l?ehfli)m In the boreal
[19] —0.360 2007-November 2008 ADCP winter month
(1 year)
measurement
[8] —0.05 November ADCP Annual mean
' 2008-October 2009 measurement value
Numerical
s tféesg(‘)tm 0204  —0012  —0.072 0.148 %22 O_ezils‘;’ Model A““‘?;llur:ea“
y Y (HYCOM, 1/8°)

Note: (+)/(—) value indicates northward /southward transport in the Karimata and Bangka Straits. (+)/(—) value
indicates eastward /westward transport in the Sunda Strait and Eastern Boundary of Java Sea.

3.2. Seasonal Variations of Volume Transport and Advective Heat Flux

Figure 3 displays the monthly means of advective heat flux and volume transport
for 64 years (1950-2013). It represents the seasonal variations captured in each transect.
Similarly, movement to the north or east is referred to as positive transport, whereas
movement to the south or west is referred to as negative transport. Volume and advective
heat flux both follow the same pattern, as seen in Figure 3. The mean of volume transport
and advective heat flux in the Karimata Strait is always southward, with minima in June
and maxima in January. The strongest southward transport occurs in January during the
west monsoon and is associated with the southward wind in the Karimata Strait, allowing
southward transport to strengthen. Similarly to the Karimata Strait, volume transport
and advective heat flux in the Bangka Strait flow southward during the west monsoon
in January and are captured the strongest among other months (Figure 3). The seasonal
transports in the Sunda Strait and EBoJS are elaborated on in the Discussion section.
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Figure 3. Monthly means of volume transport (a,c,e,g) and advective heat flux (b,d,fh) in the
Karimata Strait (a,b), Bangka Strait (c,d), Sunda Strait (e,f), and East Boundary of Java Sea (EBoJS)
(g/h). Positive transport in the Karimata and Bangka Straits (Sunda and East Boundary of the Java
Sea) denotes a northward (eastward), negative transport in the Karimata and Bangka Straits (Sunda
and East Boundary of the Java Sea) denotes a southward (westward).

3.3. Time-Frequency Distributions (Power Spectral Density) of the Volume Transport

Figure 4 depicts the energy spectrum data for all ocean current transects over a 64-year
period. The ocean current’s energy spectrum is an example of how the volume transport
might vary. These findings demonstrate that the patterns for the main signals in the
Karimata Strait, Bangka Strait, and EBoJS are comparable. The 12-month periods has the
most energy of the three transects, indicating that the monsoon has a substantial influence.
In contrast, the Sunda Strait has relatively strong energy from intra-seasonal and 12-month
periods. As a result of various phenomena, including the Kelvin waves and MJO, the
Sunda Strait experienced a strong intra-seasonal period.
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Figure 4. Ocean current energy distribution along each transect (1950-2013).

3.4. Energy Spectra of the Volume Transport

As a periodogram, Figure 5a,d display the ocean current energy spectrum and volume
transport in the Karimata Strait and Sunda Strait, respectively. The periodogram reveals
that the main period for both volume transport and ocean currents in this strait is identical.
The one-year cycle of the monsoon winds, which has an impact on the 12-month periods, is
predominant. Other prominent periods of the energy scale are enlarged in Figure 5b,c,e,f.
The results show that there is also inter-annual variability with periods of 18 months
(1.5 years), 23 months (2 years), 37 months (3 years), 45 months (3.75 years), 51 months
(4.25 years), and 77 months (6.4 years), as well as intra-seasonal variability with periods
of 3 months, 6 months, and 9 months. In addition to inter-annual, semi-annual, and
intra-seasonal variability, the inter-decadal scale variability was found to have relatively
significant energy over 256 months (21.3 years) and 384 months (32 years). Additionally,
the energies are highly likely to be influenced by the 13- and 14-month signals.

3.5. Monthly and Interannual Variability of the Volume Transport (1950-2013)

According to the signal analysis results, the inter-annual variability in the four transects
was indicated by a period ranging from 1.5-6.5 years. The time series graphic in Figure 6
illustrates the inter-annual variability of transport, which frequently strengthens and
weakens over a 1.5-6-year period. The impact of ONI and DMI on transport strength
is examined to conduct an inter-annual variability study. It is found that the Java Sea,
interoceanic passage seasonal transports play a dual role in the total ITF from the Pacific to
the Indian Oceans.
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Figure 5. Periodogram of current energy spectra (a) and magnification (b,c) in the Karimata Strait and
identical to (d—f) but in the Sunda Strait. Numbers in the horizontal axis are periods in months (year).
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Figure 6. Time-series contours for volume transport, 1950-2013 (in Sv). Year is displayed on the x-axis,
while month is displayed on the y-axis. While the red color (positive transport) in the Karimata and
Bangka Straits (Sunda Strait and East Boundary of the Java Sea) denotes a northward (eastward), the
blue color (negative transport) in the Karimata and Bangka Straits (Sunda Strait and East Boundary
of the Java Sea) denotes a southward (westward).
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Month

1950 1952 1954 1956

Volume transport in the Karimata and Bangka Straits follows a similar pattern, but
since the inter-annual effects in the Bangka Strait are more visible, this discussion is
concentrated on the Bangka and Sunda Straits. From 1950 to 1982, the volume of transport
in the Bangka Strait is depicted in Figure 7. Figure 7b,c show the ONI and DMI time series
for the same year, allowing us to see the impact of ENSO and Dipole Mode (DM) events on
volume transport.

1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980
Tahun

1950

1952 1954

1956 1958 1960 1962 1964 1966 1968 1970 1972

1
1974 1976 1978 1980

-1.5
1950

1952 1954

1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980

Figure 7. Volume transport time series in the Bangka Strait from 1950 to 1982 in a contour diagram (a).
Time series of ONI (b) and DMI (c). While the red color (positive transport) denotes north transport,
the blue color (negative transport) denotes south transport.

Inter-annual forcing associated with ENSO and IOD influenced volume transport in
the Sunda Strait, as in the Bangka Strait and other Java Sea interoceanic passages (Figure 8).

3.6. Long-Term Trend of the Volume Transport and Advective Heat Flux in the Karimata Strait,
Sunda Strait, and Eastern Boundary of Java Sea (EBoJS)

3.6.1. Karimata Strait

The time-series graph of advective heat flux and volume transport in the Karimata
Strait is shown in Figure 9. The graph depicts a linear trend, but because the slope is so
gentle, it is difficult to discern the trend. Therefore, it is enlarged to see the slope of the
trend more clearly (Figure 9c,d). Volume transport is increasing in the Karimata Strait. In
this transect, the meridional wind speed is positive and follows a positive trend (Figure 9e).



Water 2023, 15, 740 11 0f 23

; ;:

Month

1950 1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980
Tahun

—2||||||||||| I
1950 1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980

-1.5
1950 1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980

Figure 8. As in Figure 7, but for Sunda Strait. Volume transport in a contour diagram (a), time series
of ONI (b) and DMI (c). While the red color (positive transport) denotes east transport, the blue color
(negative transport) denotes west transport.

3.6.2. Sunda Strait and Eastern Boundary of Java Sea (EBo]S)

The linear trends for volume transport and advective heat flux in the Sunda Strait
and EBo]JS are both in line with the linear trend of zonal wind speed in the transects. The
volume transport and advective heat flux in the Sunda Strait are both negative (Figure 10),
indicating that the transport is moving west. However, in East Java, where the mean
transport is positive (Figure 11), the transport moves eastward even though both linear
trends are negative. A schematic of volume transport patterns and advective heat flux in
the Java Sea is shown in Figure 12. The inflow-outflow in the Java Sea interoceanic passage
is depicted in Table 5.

Table 5. Summary of Java Sea interocean passage inflow-outflow distribution during 1950-2013.

In the Period 1950-2013 (64 Years)

The Java Sea Interoceanic Passages Direction of Transports Total Increase (+ Value)/Decrease (— Value)
Volume Transport (Sv) Advective Heat Flux (PW)
Eastern Boundary of Java Sea Outflow —0.07680 —0.00384
Karimata and Bangka Strait Inflow —0.06144 —0.00385

Sunda Strait Outflow 0.01536 0.00384




Water 2023, 15, 740

12 0f 23

Volume Transport Advective Heat Flux
2 N, 0.2 L T T T T T T
4 MeanVT: —1.97 +1.26 Sv (a) ] Mean AHF: —0.20 + 0.13 PW (b)
= s 0
= I'WI ”m g ’| |||] | I i | N
£l ER
| it = |...||_‘..n‘| i Ll u,l\ml\l.l|||.|\|\,|||,\|HI||||
TR O
g Tt e
g » 3 | | LKLV
5 << -0.4
= -5
_6 1 1 1 1 1 1 1 1 1 1 1 1
1950 1955 1960 1955 1970 1975 1960 1985 1990 1995 2000 2005 2010 45 1 I R e B EE I NI IG5
Year Yaar
_1.95 : . : : : [ . : l : I . _02 T T T T T T T T T T T T
5 -1l V= 4.8 x 104 x— 1.9881’_ - o y=24 X105 x-0.2043
ey e s -
o o ———
o 197t B = —
s e 2 0204 -7
g 198} . - E
2 g 5 -0.206}
N . § (d)
" 1050 1955 1960 1965 1970 1975 1980 1985 1990 1985 2000 2005 201 R e ————————————
Year Year
— Volume transport — Heat Flux  —— Mean transport - - Linear trend - - Deviation
8 T T T T T T T T 31 T T T T T T T T T T T T
6f y=1.44 X 102 x +0.069 y=12% 102 x+28.680
g _
= (&)
k-] e
£ 2 “.:m\mi!lJH'nll\HIHHHIIHHIJ!H! HI R °
= 0 W [ \ i ..3
: S
S -2 2
k= £
= mll =
_6 o
_8- 1 1 1 1 Il L 1 1 L l(el) 1
1950 1955 1960 1955 1970 1975 1960 1985 1990 1995 2000 2005 2010
Year
— Meridional wind speed —— Temperature —— Mean —= Linear trend

Figure 9. Time series graph of volume transport (a) and advective heat flux (b) during 1950-2013
in the Karimata Strait. Linear trend of volume transport (c) and advective heat flux (d). Time series
graph of meridional wind speed (e) and temperature (f) in the Karimata Strait.
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Figure 10. As in Figure 9 but for Sunda Strait. Time series graph of volume transport (a) and advective
heat flux (b) during 1950-2013. Linear trend of volume transport (c) and advective heat flux (d). Time
series graph of zonal wind speed (e) and temperature (f).
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Figure 11. As in Figure 9 but for Eastern Boundary of Java Sea. Time series graph of volume

transport (a) and advective heat flux (b) during 1950-2013. Linear trend of volume transport (c) and

advective heat flux (d). Time series graph of zonal wind speed (e) and temperature (f).
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Figure 12. Trends in volume transport (a) (in Sv/year) and advective heat flux (b) (in PW/year) in
the Java Sea. Arrows indicate the direction of mean transport. The black color and positive (red and
negative) values indicate the strengthening (weakening) of the transport. Values without brackets: (+)
the increased trend of the volume transport (Sv/yr) or advective heat flux (PW/yr), (—) the decreased
trend of the volume transport (Sv/yr) or advective heat flux (PW/yr). Values in brackets: (+) total
increase of the volume transport (Sv) or advective heat flux (PW) for 64 years (1950-2013), (—) total
decrease of the volume transport (Sv) or advective heat flux (PW) for 64 years (1950-2013).

3.7. Interoceanic Volume Transport, Advective Heat Flux, and Heat Budgets

The typical volume of movement into and out of the Java Sea is depicted in Figure 13a
and Table 6. A volume transport of 2.09 Sv enters the Karimata and Bangka Straits, and a
volume transport of 2.09 Sv exits those straits. When the inflow and outflow values of the
Java Sea are equal, the sea is in equilibrium. Because there is no excessive influx or outflow,
the water level in these bodies of water remains constant. Figure 13b and Table 7 both show
how heat moves into and out of the Java Sea. A total of 0.216 PW of advective heat flux
enters the Karimata and Bangka Straits and exits via the Sunda Strait and East Java with a
greater flow (0.220 PW).

Table 6. A mean volume transport in the Java Sea. Positive (negative) values indicate inflow
(outflow) transport.

The ]avaPSea Interoceanic Mean Volume Percentage (%) Description
assages Transport (Sv)
Karimata Strait 1.97 94.26 inflow
Bangka Strait 0.12 5.74 inflow
Sunda Strait —0.70 33.50 outflow
East Boundary of Java Strait -1.39 66.50 outflow

Inflow—Outflow 0.00 0.00 outflow = inflow
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Figure 13. Scheme of inflow—outflow of volume transport (a) and advective heat flux (b) in the Java
Sea. The yellow arrows indicate heat input from the atmosphere (in PW).

Table 7. Mean advective heat flux in the Java Sea. Positive (negative) values indicate inflow (out-

flow) transport.

The Java Sea Interoceanic Mean Advective Percentage (%) Description
Passages Heat Flux (PW)
Karimata Strait 0.204 92.73 inflow
Bangka Strait 0.012 5.45 inflow
Sunda Strait —0.072 32.73 outflow
East Boundary of Java Sea —0.148 67.27 outflow

Inflow-Outflow —0.004 1.82 outflow > inflow
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4. Discussion

According to the zonal and meridional volume transport and advective heat flux
through the boundaries of the Java Sea’s calculation performed for this study, the mean of
volume transport in the Bangka Strait moves south (similar to the Karimata Strait) with a
value of —0.12 Sv (Table 3). The volume transport through the Karimata Strait is noticeably
greater than through the Bangka Strait due to its smaller size (Table 3). Both, however,
increase the amount of inflow transport to the Java Sea. Moreover, since volume is always
carried westward over the Sunda Strait, the mean of volume transport will always be
negative, as shown in Table 3. The amount of transport that passes through the Sunda
Strait on its way west indicates that it serves as a volumetric exit route from the Java Sea.
In addition to the Sunda Strait, the canals of East Java act as conduits for volume transport
exits from the Java Sea. Meanwhile, the mean volume transport in the Eastern boundary of
the Java Sea (EBo]JS) exits from the Java Sea and toward the east, according to a positive
transport (Table 3). Similar to volume transport, advective heat flux reveals a southward
flow through the Karimata Strait, Bangka Strait, westward flow from Java Sea into Sunda
Strait, and an eastward flow through the EBoJS (Table 4).

In the seasonal variation, the wind in the Bangka Strait moves north during the east
monsoon, resulting in northward transport. This is due to the Bangka Strait’s shallow
depth (30 m), which allows the wind’s forcing to spread from the surface to the bottom of
the strait. Meanwhile, the Karimata Strait is deeper (by approximately 50 m) compared to
the Bangka Strait; hence wind forcing only affects the surface; similarly, the east monsoon
weakens southward flow but does not change the direction of transport. Moreover, due to
the vast cross-sectional area of the Karimata Strait, the wind’s force cannot outweigh the
substantial amount of transport flowing south. In the Sunda Strait, the westward volume
transport and advective heat flux that occur year-round are highly exceptional associated
with the difference in water levels between the Java Sea and the Indian Ocean. Despite
this, monsoons continue to contribute to the strength of transport. According to Figure 3e/f,
the east monsoon in July is the strongest, while the westward transport is the weakest in
November. Furthermore, the Sunda Strait exhibits intra-seasonal variation, as evidenced
by the strong flow in March and August and the weak transport in May and November.
The Sunda Strait’s location, which is traversed by intra-seasonal phenomena like Kelvin
waves and MJO that can impede outflow from the Sunda Strait, explains the intra-seasonal
variability that occurs there. Kelvin waves caused by a Wyrtki Jet in the equatorial Indian
Ocean that propagate along the west coast of Sumatra and the south coast of Java depict
intra-seasonal fluctuation with a duration of 35-90 days, according to [56,57]. While in
the EBoJS, the dominant transport flows eastward and reaches its maximum in January
to coincide with the west monsoon, while eastward transport weakens and even reverses
westward and reaches its maximum value in June to coincide with the east monsoon. To
summarize, the Java Sea interoceanic passage seasonal transports play a double role in the
total ITF from the Pacific to the Indian Oceans. First, during the boreal winter (summer),
the Karimata Strait, Bangka Strait, and the EBoJS transports reduce (enhance) the main ITF
in the Makassar Strait. Second, in general, by exporting water from the Java Sea into the
Indian Ocean, the Sunda Strait transport contributes to the ITF transport for each season,
whereas during the boreal summer, the Sunda Strait transport contributes the most to
the ITE.

To characterize dominant signals that influence volume transport for further analysis,
a power spectral density (PSD) measurement was performed. The annual monsoon signals
dominate volume transports through the Karimata Strait, the Bangka Strait, and the EBoJS.
Volume transport through the Sunda Strait, however, is dominated not only by an annual
signal monsoon but also by intra-seasonal and semi-annual signals. As suggested by [55],
the intra-seasonal and semi-annual signals at the Sunda Strait may be associated with
the intrusion of coastal Kelvin waves. However, more research is needed to confirm the
possibility of the Kelvin waves entering the Sunda Strait.
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Moreover, energy spectrum analysis exhibits 13- and 14-month intervals. This is due
to the monsoon season, which may begin earlier and end later than usual, shortening the
period to less than 12 months [58]. Finally, it is briefly stated that inter-annual and decadal
signals in the volume transports of the Karimata Strait and Sunda Strait exist, with both
signals being stronger in the Sunda Strait than in the Karimata Strait. An annual monsoon
signal dominates the volume transport through the Karimata Strait. Volume transport
through the Sunda Strait, however, is dominated not only by an annual and semi-annual
signal monsoon but also by intra-seasonal and inter-annual signals.

Furthermore, the monthly and inter-annual variability of volume transport is investi-
gated from 1950 to 2013 in Bangka Strait and Sunda Strait due to the visible inter-annual
effects. It was found that from 1978 to 1979, ONI and DMI conditions were typical for
each season. During the west monsoon, the transport typically moves 3.52 Sv southward.
Southern transport decreased to —3.03 Sv in 1969 due to the El Nifio, which coincided with
the west monsoon. In contrast, when La Nifia occurred in 1955 and 1956, southward trans-
port increased to —3.85 Sv. This is in line with [14], where the southward flow decreases
during El Nifio and increases during La Nifia. Despite the fact that the positive dipole
mode conditions should have weakened southern transport, the transport in 1962 during
the west monsoon, which coincided with the positive dipole mode event, was —3.87 Sy,
slightly higher compared to La Nifia years of 1955-1956. Thus, the positive dipole mode
had no discernible influence during the west monsoon. Southward transport is quite weak
and occasionally moves northward under typical ONI and DMI conditions during the east
monsoon. When the climate was normal in 1978-1979, the transport value was —0.45 Sv.
During El Nifio in the east monsoon of 1965, the southward transport decreased to —0.21 Sy,
whereas the southward transport increased to —0.85 Sv during the La Nifia in 1974. During
the east monsoon of 1961, positive dipole mode resulted in extremely strong northward
transport of 0.52 Sv, while negative dipole mode resulted in powerful southward transport
of —0.91 Sv. The effect of ONI and DMI on the transitional season is the same as it is on
the west and east monsoons; the dipole mode’s influence is simply less visible during this
time. Thus, inter-annual forcing from ENSO and IOD influenced volume transport in the
interoceanic passages of the Bangka Strait and the Java Sea.

As mentioned in the Results section, inter-annual forcing associated with ENSO
and IOD influenced volume transport in the Sunda Strait, Bangka Strait, and Java Sea
interoceanic passages. During the west monsoon, transport in the Sunda Strait normally
flows westward by —0.67 Sv, but during the positive dipole mode occurrences in 1962 and
1963, it strengthened to —0.69 Sv. During the El Nifio and La Nifia phenomena in 1966
and 1955, and 1956, respectively, it flowed westward by —0.61 Sv and —0.58 Sv. Due to its
coincident timing with the west monsoon, the La Nifia situation reveals a drop in transport
capability, making the influence of La Nifia, which should strengthen the transport to
the west, impossible to see. It is clear that the east monsoon is an indicator of La Nifia’s
influence. The positive dipole mode (1961) resulted in a very strong westward transport
of —1.30 Sv, whereas the negative dipole mode (1958) resulted in a westward transport
of —0.75 Sv during the east monsoon, compared to typical conditions (1978 and 1979) of
—0.76 Sv. During the east monsoon, the Sunda Strait experiences the ENSO effect, though
it is not as strong as the dipole mode. Westward transport decreased to —0.75 Sv during
El Nifio in 1957 but increased to —0.86 Sv during La Nifa in 1976. During the transitional
season, ONI and DMI have the same effect as the west and east monsoons. A study by [31]
provided a similar justification for the positive and negative dipole modes of the Sunda
Strait’s corresponding strengthening and weakening of westward transport.

Along with the monthly and inter-annual variability, the long-term trend of volume
transport and advective heat flux in the Karimata Strait, the Sunda Strait, and the EBoJS is
investigated. The volume transport trend is increasing in the Karimata Strait, following the
wind movement to the north (Figure 9e). This results in a southward volume transport in
the Karimata Strait associated with the increasing speed of the northward wind. Advective
heat flux, like volume transport, has a positive trend in the Karimata Strait, which means
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that advective heat flux moving southward is becoming weaker each year. More heat is
being carried by advection due to the direction of the current and the rising temperature in
the Karimata Strait. Likewise, the linear trends for volume transport and advective heat flux
in the Sunda Strait and EBoJS are both in line with the linear trend of zonal wind speed in
the transects. Since the westward wind-driven current is increasing, the volume transport
and advective heat flux in the Sunda Strait are both negative (Figure 10), indicating that the
transport is moving to the west, following the wind-driven current. However, in EBo]JS,
the mean transport is positive (Figure 11), indicating the transport is moving eastward
even though both linear trends are negative due to a stronger influence of a westward
wind-driven current.

To analyze the in—out volume transport among the interoceanic bodies, advective heat
flux and heat budgets are calculated. It was discovered that an equilibrium in—outflow
of volume transport of up to 2.09 Sv enters and exits the Karimata and Bangka Straits.
Figure 13b and Table 7 both show how heat moves into and out of the Java Sea. It is
also evident that the amount of advective heat flux that enters the Karimata and Bangka
Straits and exits via the Sunda Strait and EBoJS is not balanced because the outflow is
greater (0.220 PW) compared to the inflow (0.216 PW). This has been suggested due to the
atmosphere’s contribution of 0.004 PW heat to these waters.

To conclude, the interoceanic passages’ volume transport and advective heat flux
changes in the Java Sea associated with inter-annual remote forcing are summarized in
Table 8.

Table 8. Inter-annual remote forcing on the Java Sea Interoceanic Passages.

The Java Sea . . Dipole Dipole
Interoceanic Passages EINifio La Nifia Mode + Mode -
The Karimata Strait Southward transport
and Bangka Strait (ST) reduces ST enhances ST enhances ST reduces
. Westward transport
The Sunda Strait WT enhances  WT enhances ~ WT reduces

(WT) reduces

The Eastern Boundary Eastward transport

of Java Sea (ET) enhances ET reduces ET reduces ET enhances

In addition, Figure 14 exhibits that over the past 64 years (1950-2013), the southward
volume transport (advective heat flux) through the Karimata Strait and Bangka Strait
and the eastward volume transport (advective heat flux) in the EBoJS has decreased by
about 4.8 x 107 Sv/yr (2.4 x 107> PW/yr), 4.8 x 10~* Sv/yr (3.6 x 107> PW/yr), and
1.2 x 1073 Sv/yr (6 x 1072 PW/yr), respectively. Meanwhile, the Sunda Strait’s decreasing
trends of volume transport (advective heat flux) of 2.4 x 1074 Sv/yr (6 x 107> PW /yr)
through the inflow passages were associated with an increasing trend in the passages’ north-
ward meridional wind speed. Additionally, the increasing trend of westward zonal wind
speed through the outflow passages is associated with the decreasing trend of east transport
through the EBoJS and the increasing trend of west transport through the Sunda Strait.
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Figure 14. The southward volume transport and advective heat flux through the Karimata Strait (KS)
and Bangka Strait (BS), the eastward transports in Eastern Boundary of the Java Sea (EB0]S), and the
westward transports in Sunda Strait (SS), during 1950-2013.

5. Conclusions

Using a 1/8° global version of HYCOM, the long-term trend and variability of volume
transport and advective heat flux through the Java Sea interoceanic passages were inves-
tigated from 1950 to 2013 (64 years). The water from the South China Sea enters the Java
Sea via the Karimata and Bangka Straits, with annual mean volume transports of 1.97 Sv
(94.26%) and 0.12 Sv (5.74%), respectively. Meanwhile, 1.39 Sv (66.5%) exits the Java Sea via
its eastern boundary, and 0.7 Sv (33.5%) enters the Indian Ocean via the Sunda Strait. The
heat in the South China Sea is transported to the Java Sea at a total rate of 0.216 PW via the
inflow passages (the Karimata Strait and the Bangka Strait). In comparison, the total heat
flux to the outflow passages (the Sunda Strait and the Eastern Boundary of the Java Sea) is
0.220 PW. This means that the total outward heat flux exceeds the total inward heat flux by
0.004 PW, implying that the Java Sea receives net heat gain from the air-sea exchange of
its overlaying atmosphere. Inter-annual remote forcing associated with ENSO and 10D
also influenced volume transport and advective heat flux through the Java Sea interoceanic
passages. El Nifio (La Nifa) reduces (enhances) the southward transports in the Karimata
and Bangka Strait. In contrast, the positive (negative) dipole mode enhances (reduces)
the southward transports in the Karimata and Bangka Strait. Similar to Karimata and
Bangka Strait, westward transport in Sunda Strait experienced a reduction (enhancement)
during El Nifio (La Nifia) and during negative (positive) dipole mode. Meanwhile, in the
EBoJS, the eastward transports reduce (enhance) during La Nifia (El Nifio) and during
positive (negative) dipole mode. Furthermore, the southward transports decrease through
the Karimata Strait and Bangka Strait, the eastward transports decrease in the EBoJS, and
the westward transports decrease in the Sunda Strait during 1950-2013.
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