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Abstract Volume, heat and freshwater transports from the South China Sea (SCS) to the Java Sea
through the Karimata Strait are estimated based on direct measurements of current, temperature, salinity,
and satellite observations. Subject to strong seasonal variability, the volume, heat, freshwater transports

are —1.98 + 0.23 Sv (1 Sv = 10° m?/s), —209.68 + 15.19 TW (1 TW = 102 W), —99.87 + 15.11 mSv

(1 mSv = 10 Sv) in boreal winter, and 0.47 + 0.20 Sv, 61.06 + 15.46 TW, 31.67 + 8.76 mSv in boreal
summer, respectively (negative transport defined from SCS to Java Sea). The annual mean volume, heat

and freshwater transports are —0.78 + 0.12 Sv, —77.31 £ 4.99 TW, and —30.87 + 6.15 mSyv, respectively. The
freshwater transport through Karimata Strait is as large as 42% of rainfall input to the entire Indonesian
seas in boreal winter, thereby modulating the Indonesian Throughflow (ITF) through the “freshwater plug”
effect in the Makassar Strait. The interannual variability of the transports is not significantly correlated to
the Indian Ocean Dipole and El Nifio-Southern Oscillation. There is a significant decreasing trend of volume
and heat transports from the SCS to Java Sea over the period of 1997-2015, with a reduction of 0.26 Sv and
15 TW, respectively. The freshwater transport decreases 12.29 mSv by 2016 compared with that in 2009,
equivalent to 33.2%-49.72% of the annual mean freshwater transport during 2009-2016. This decreasing
trend would play contradictory roles in the decadal trend of ITF transport by building a “freshwater plug” in
the southern Makassar Strait and a ‘buoyant plume’ in the Indo-Australian Basin, respectively.

Plain Language Summary Our previous studies revealed that the transport of heat and
freshwater from the South China Sea (SCS) to the Java Sea by the Karimata Throughflow plays a role

in balancing the heat and salt budgets in the SCS and modulating the Indonesian Throughflow (ITF)
within the Makassar Strait. The early estimations were based on observations less than 1 year. In this
study, ten-year records of direct measurements and satellite observations are used to calculate the
volume, heat and freshwater transports of the Karimata Throughflow from 1993 to 2017. The updated
climatological transports corroborate our previous estimation. The interannual variability of the Karimata
Throughflow is not well correlated with either the Indian Ocean Dipole or El Nifio-Southern Oscillation.
The results also reveal significant decreasing trend of volume, heat and freshwater transports from the
SCS to the Java Sea over the 1997-2015 period. The importance of the decreasing trends lies in the fact
that it may modulate ITF by dual factors: first, the “freshwater plug” may be less effective in inhibiting
water transport of the ITF in Makassar Strait; second, the “salinity effect” that suggests freshening of the
buoyant plume in the Indo-Australian Basin favoring the enhancement of ITF would be depressed.

1. Introduction

The tropical Pacific and Indian Oceans are connected through the Indonesian seas and the South China Sea
(SCS) (Figure 1a). The throughflow from the Pacific to the Indian Ocean, with two major branches, provides
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Figure 1. (a) Schematic map of the throughflow from the Pacific to Indian Ocean. The solid and dashed lines indicate the Indonesian Throughflow and the
South China Sea branch, respectively. (b) Topography in the Karimata Strait (contours are water depths in meters) and the TRBM (red stars) and CTD (blue

dots) stations of the SITE project. (c) Time series duration of the velocity profiles at each station. The color/gray band indicates time windows with/without

data. CTD, Conductivity, Temperature, Pressure recorder; SITE, SCS-Indonesian Seas Transport/Exchange; TRBM, Trawl Resistant Bottom Mount.

the only interocean channel for water mass and heat transports at low latitudes (Figure 1a), enabling the so
called “great ocean conveyor belt” closed (Broeker, 1991; Gordon & Fine, 1996; Talley, 2013). The branch
through the eastern Indonesian seas is known as the Indonesian Throughflow (ITF), which transports vol-
ume over 10 Sv (1 Sv = 10° m?/s) of water (Gordon et al., 2010, 2019; Liu et al., 2015; Sprintall et al., 2009,
2019; Susanto et al., 2012; Wijffels et al., 2008) and carries approximately 0.24-1.15 PW (1 PW = 10" W) of
heat from the Pacific to Indian Ocean (Hirst & Godfrey, 1993; Tillinger & Gordon, 2010; Vranes, 2002; Xie
et al.,, 2019; Zhang et al., 2019). The other branch, through the SCS and the western Indonesian seas, is called
the SCS branch or the SCS Throughflow (SCSTF) (Fang et al., 2003, 2005, 2009; Qu et al., 2006, 2009; D. X.
Wang et al., 2006; Yu et al., 2007; Yaremchuk et al., 2009). The SCS branch connects the SCS and Java Sea
through the Karimata and Gaspar Straits (Figure 1b). The Karimata Strait is located between the Belitung
Island and Kalimantan Island with a width of 220 km and depth of 18-50 m. The Gaspar Strait is located be-
tween the Banka Island and Belitung Island with a width of 110 km and depths shallower than 40 m. For con-
venience, we collectively refer to the throughflow across the two straits as the Karimata Throughflow in the
present study. The earliest estimation of water transport of the Karimata Throughflow was provided by Wyrt-
ki (1961) based on drifter bottles. The estimation suggests a volume transport of approximately 4.5 Sv from
the SCS to the Java Sea in boreal winter, whereas 3 Sv from Java Sea to SCS in boreal summer. Compared to
the well-recognized ITF, the contribution of the SCS branch to the interocean transport has been overlooked
for decades because of its shallow water depth at the Karimata Strait. Nevertheless, later numerical studies
suggest that the Karimata Strait transport plays important roles in the SCS heat/salt budget, with its annual
mean heat and salt transports up to 0.35 PW and 1.1 x 10°® kg/s, respectively (Fang et al., 2003, 2009). Fur-
thermore, the SCS branch (or SCSTF) is suggested to serve as a branch of the global ocean conveyor belt that
connects the tropical Pacific and Indian oceans (Fang et al., 2005; Qu et al., 2005). The heat and freshwater
transferred by this conveyor belt are estimated up to 0.2 PW and 0.1 Sv from the SCS into the Indonesian seas
(Qu et al., 2006), making it nonnegligible not only in the heat and salt budget of the SCS (Fang et al., 2003;
Zeng et al., 2009), but also in the modulation of ITF transport in the Makassar Strait (Gordon et al., 2012;
Tozuka et al., 2007, 2009) and the El Nifio-Southern Oscillation (ENSO) (Tozuka et al., 2015).
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However, these numerical simulations show large uncertainty in Karimata Throughflow transport, with
a wide range of annual mean volume transport from 0.3 to 4.4 Sv from the SCS to the Java Sea (Fang
et al, 2003, 2005, 2009; Du & Qu, 2010; He et al., 2015; Lebedev & Yaremchuk, 2000; Liu et al., 2011; J. Wei
et al., 2016; Yaremchuk et al., 2009). Therefore, a direct measurement of the velocity profile was urgently
required, and it was then supported by the project “The SCS-Indonesian Seas Transport/Exchange (SITE)
and Impact on Seasonal Fish Migration”, conducted jointly by researchers from China, Indonesia, and the
United States since October 2006 (Susanto et al., 2010; Z. X. Wei et al., 2019). Based on the observation of
the first two SITE cruises, the volume, heat and freshwater transports from the SCS to the Indonesian seas
are estimated to be 3.6 Sv, 0.36 PW, and 0.14 Sv from 13 January to 12 February 2008, respectively (Fang
et al., 2010). An updated estimation from SITE observations by defining negative values from the SCS to the
Java Sea gives volume, heat and freshwater transports of —2.7 + 1.1 Sv, —0.3 = 0.11 PW, —0.18 £ 0.07 Sv in
boreal winter, 1.2 + 0.6 Sv, 0.14 =+ 0.03 PW, 0.12 + 0.04 Sv in boreal summer, and —0.5 + 1.9 Sv,-0.05 + 0.22
PW, —0.01 £ 0.15 Sv for the record from December 2007 to October 2008 (Susanto et al., 2013). Recently,
Y. Wang et al. (2019) gives a climatological monthly mean estimation of the volume transport through the
Karimata Strait by using SITE observations from November 2008 to June 2015. Their result estimates the
volume transport of —1.99/0.69 Sv in boreal winter/summer, with an annual mean of —0.74 Sv.

Existing studies have well recognized the seasonal cycle of the Karimata Throughflow transport and its
monsoon driven mechanism. Further investigations suggest that the Karimata Throughflow plays a two-
fold role in the interocean volume transport, by reducing Makassar Strait transport through the “freshwater
plug” effect (Fang et al., 2010; Gordon et al., 2012; Qu et al., 2005; Tozuka et al, 2007, 2009), and by con-
tributing to the total volume transport, which are as large as 13% of the ITF transport (Fang et al., 2005;
He et al., 2015; Xu & Malanotte-Rizzoli, 2013). However, in terms of interannual variability, there is no
observed time series for Karimata Throughflow transport being published. Some of existing numerical sim-
ulations suggested the internannual variability is influenced by both ENSO and Indian Ocean Dipole (I0D)
events (Du et al., 2010; He et al., 2015), but others argued no sensitivity in response to ENSO phase (Gordon
et al., 2012).

The SITE project has carried out 19 cruises for the observation of water transport/exchange through the Ka-
rimata Strait from 2007 until 2016, thereby providing opportunity to reveal the interannual and long-term
variations in the water transport of the Karimata Throughflow, as discussed in this study. The rest of the
study is organized as follows. Section 2 describes the observation and data processing methods. Section 3
provides estimates of the volume, heat and freshwater transports of the Karimata Throughflow. Discussion
and conclusions are given in Section 4, followed by a summary in Section 5.

2. Data and Methods
2.1. Data Description

The first two cruises of the SITE project were carried out in December 2007 and January 2008, during which
there were two Trawl Resistant Bottom Mounts (TRBMs) deployed at A; and A, in the Karimata Strait (Fig-
ure 1b). The locations of the TRBM stations were changed from A; and A, to B;, By, B,, and B; after 2008,
with B; and B, in the Gaspar Strait between Bangka and Belitung, and B,, and B; in the Karimata Strait be-
tween Belitung and Kalimantan, respectively. The total water transport through the transects B;B, and B,B;
is supposed to be equal to that through the transect A;A,. There were four TRBMs, each of which launches
an upward-looking, 300 or 600 kHz, self-contained Acoustic Doppler Current Profiler (ADCP), located at
stations B;, By, By, and B; (Figure 1b). The bin size and sampling time interval were set to 2 m and 20 or
60 min for the ADCPs. The TRBMs were repeatedly deployed from November 1, 2008 through May 18, 2016.

Each of the TRBMs at stations B;, B,, and B, was equipped with an SEA-BIRD Scientific produced moored
conductivity, temperature, pressure (CTD) recorder, i.e., the SBE37 CTD to measure bottom temperature,
salinity and sea level elevation. The TRBM at station B; was equipped with an RBR Ltd. Temperature-pres-
sure logger (TD). The sample intervals of the SBE37 CTD and RBR TD were set to 20 min. The CTD and TD
were not equipped when deploying the TRBMs in some of the cruises, resulting in lack of measurements
during the corresponding periods.
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In addition to the bottom temperature and salinity records, satellite derived daily sea surface temperature
(SST) and sea surface salinity (SSS) are also used in this study. The SST data are the National Oceanic and
Atmospheric Administration (NOAA) High-resolution Blended Analysis of Daily SST and Ice products
derived from the Advanced Very High Resolution Radiometer (AVHRR) data (Reynolds et al., 2007),
and the Group for High Resolution Sea Surface Temperature (GHRSST) (Donlon et al., 2007, 2009). The
AVHRR SST is compiled on a 0.25° X 0.25° grid covering the period from January 1981 to the present, and
the GHRSST is compiled on a 0.05° X 0.05° grid covering the period from April 2006 to the present. Two
SSS products are used in this study: the Soil Moisture Active Passive (SMAP) Level 3 SSS product with a
horizontal resolution of 0.25° x 0.25° from April 2, 2015, to November 28, 2017 (Fore et al., 2016), and
the Soil Moisture and Ocean Salinity (SMOS) de-biased SSS L3 product version 3 mapped on a horizontal
of 25 x 25 km? from January 16, 2010 to December 25, 2017 (Boutin et al., 2016, 2018; Kolodziejczyk
et al., 2016).

The sea surface height (SSH) data are the Version 5.0 of daily gridded absolute dynamic topography prod-
ucts produced by the Segment Sol Multimissions d’Altimétrie d'Orbitographie et de Localisation Précise/
Data Unification and Altimeter Combination System (SSALTO/DUACS) and distributed by the Archiv-
ing, Validation, and Interpretation of Satellite Oceanographic (AVISO), with support from Centre National
d'Etudes Spatiales (CNES) (http://www.aviso.altimetry.fr/duacs/). The dataset is daily, at a resolution of
0.25° x 0.25°, which is available from October 1992 to the present (Ducet et al., 2000). The sea surface wind
(SSW) data are from the Cross Calibrated Multi-Plantform (CCMP) Version 2.0 with a horizontal resolution
of 0.25° x 0.25° and time interval of 6 h, provided by the National Aeronautics and Space Administration
(NASA) since 2009 (Atlas et al., 2011). The wind data used for calculating the cross-equatorial flow index
and the East Asia winter monsoon index are the ERAS5 global reanalysis dataset provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF). The data resolution is 0.25° x 0.25° (Hersbach
et al., 2020). The bathymetry adopted for the transport estimation is ETOPO1, obtained from http://www.
ngdc.noaa.gov/mgg/global, which has a horizontal resolution of 1°/60 x 1°/60.

2.2. Methods

The quick quality controlled records of velocity for each TRBM are linearly interpolated onto a 2-m-depth
grid for each hour time step. The missing velocities in the surface layer (upper 2-6 m due to surface reflec-
tion contamination of the ADCP) are replaced by extrapolation that assumes the vertical shear of velocities
is constant to the surface (Fang et al., 2010; Sprintall et al., 2009; Susanto et al., 2012). After tidal removal by
a 25-h low-pass filter, the vertically gridded velocity time series is then daily averaged and projected to the
normal direction of the sections across the straits (along-strait velocity, hereafter ASV) in order to calculate
the transport. The normal directions in Gaspar Strait (section B14) and Karimata Strait (section B23) are 0°
and 309° referenced to true north, respectively. The time series of ASV profiles at each station have missing
values during the SITE period (Figure 1c), which are reconstructed by a regressed model based on the SSH
gradient and local SSW along the strait (Wang et al., 2019).

Assuming that the variation in the ASV is mainly caused by the variation in local winds and sea surface
slope, and thus it can be empirically expressed as:

ASV = ASVy + a; X Uypg + ay X Viyng + a3 x AADT + ¢ (1)

where ASV) is the intercept value and indicate the ASV without local winds and sea surface slope; a;,
a,, and a; are the regression coefficients; Uyng and Viypg are the zonal and meridional components of lo-
cal wind, respectively; /AADT is the difference of area averaged SSH between the south (4.375-5.625°S,
106.125-108.625°E) and north (0.625°S-0.625°N, 106.125-108.625°E) of the Gaspar and Karimata straits;
and ¢ is the residual term. The correlation coefficients between the observed and regressed ASVs at all of the
four stations are greater than 0.82, which is above the 99% confidence level. The mean absolute error for the
proxy is approximately 6 cm/s.

The time series of temperature and salinity profiles are derived from sea bottom temperature and salin-
ity measured by the TRBMs as well as the SST and SSS, respectively. For simplicity, we assume that the
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vertical shear of temperature and salinity in the boreal spring to winter seasons are independent of time. In
this study, seasons refer to the Northern Hemisphere, that is, spring for March to May, summer for June to
August, fall for September to November, and winter for December to February of the next year. Taking the
values of winter as an example, the vertical shear is as follows:

dT % -1
|winter:

dz Az

)

where T; is the water temperature at the ith depth, Az is the vertical interval. For daily SST time series in
December, January, and February, the projected temperature at each depth is calculated as follows:

Ty =T+ T2 —T°, T = SST ®3)

To estimate the transport through each strait, the TRBM station observations were laterally interpolated
between the stations and extrapolated to the strait sidewalls along the sections B14 and B23 based on the
ETOPO1 topography. The interpolation/extrapolation scheme used in this study is the logarithmic-pro-
file-cubic-spline interpolation with no slip condition at sidewalls (Fang et al., 2010; Y. Wang et al., 2019).

The water volume transport F, through a strait is calculated by the integration of the normal velocity in the
section:

k=1

k=n i=m
F, =X |:AZI< ZlAlivi,k:| 4

where i and k indicate serial numbers of each horizontal and vertical grid box in the section, respectively.
The v;; is the averaged normal velocity across the section within the grid box of A/; by Az in width and
thickness. Negative values (southward transport) indicate volume transport from the SCS to the Java Sea.

The heat transport Fy; is calculated as follows:

k=n i=m
Fy =C, X | Azp X Alipy (Tik - To)Vi,k (5)
P i=1 ’

where T;, and p;; are the averaged temperature and density in the grid box, respectively. T, is the refer-
ence temperature, which is 3.72°C, as suggested by Fang et al. (2010). The specific heat ratio C, is set to
3.89 x 10° T kg™' °C™". Negative values indicate heat transport from the SCS to the Java Sea.

The salt transport is calculated by
k=n i=m
Fy= X | Azp 2 ALS, vig (6)
k=1 i=1
where S; is the averaged salinity within the grid box.
The freshwater transport is calculated from

k=n i=m SO — Si,k
g {Nk z Al[s—j} @

0

where S, is a reference salinity, which equal to the mean salinity of the SCS, taken as 34.62 following Fang
et al. (2010). Negative values indicate freshwater transport from the SCS to the Java Sea.

The Empirical Mode Decomposition (EMD) methods are used as time filters to extract the interannual sig-
nal of time series by adding the Intrinsic Mode Functions (IMFs) with cycles between 2 and 9 years together
(Huang et al., 1998). The Morlet wavelet is adopted as the mother wavelet in the wavelet analysis. The 95%
confidence level for the wavelet analysis is calculated based on a red noise background spectrum with an
autoregressive lag-1 correlation of 0.72 (Torrence & Compo, 1998).
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Figure 2. Time series of (a) monthly sea surface wind and (b)-(f) flow vectors at 5, 10, 20, 30, and near bottom in
the Gaspar and Karimata straits, respectively. The blue, red, green, and black vectors are in station B;, B,, B3, and B,
respectively. Upward vectors refer to true north.

Since the time coverage of the datasets is inconsistent, we describe the interannual anomalies by removing
the monthly mean climatology with respect to the base period from 2000 to 2014, while most of the data-
sets are covered and the extreme EI Nifio event of 2015-2016 is excluded. The Oceanic Nifio Index (ONI)
is provided by NOAA (https://ggweather.com/enso/oni.htm). The Dipole Mode Index (DMI) for the IOD
is defined as the differences of area averaged SST anomalies between the western (10°S-10°N, 50°E—70°E)
and southeastern (10°S-0°, 90°E—110°E) tropical Indian Ocean (Saji et al., 1999). The maritime continent
cross-equatorial flow index is defined as the area averaged meridional wind at 925 hPa within (5°S-5°N,
102.5°E—110°E) (Zhao & Lu, 2020). The East Asia winter monsoon index is defined as the area averaged
meridional wind at 1,000 hPa within (10°N-30°N, 115°E—130°E) in winter (Ji & Sun, 1997).

3. Results
3.1. Flow Velocity, Temperature and Salinity

The widths of the sections at the Gaspar and Karimata straits are 90 and 120 km, with maximum depths of
34 and 40 m, respectively, according to the bathymetry of the ETOPO1 dataset. The time series of wind and
flow vectors at Stations B; and B, in the Gaspar Strait, B, and B; in the Karimata Strait, are shown in Figure 2.
The flow in the two shallow straits is dominantly forced by monsoon. The flow shows similar directions at
different depths, with daily mean velocities up to 150 cm/s at the surface and decreasing to approximately
20 cm/s at the bottom. The currents in the Gaspar and Karimata straits basically show barotropic-dominated
signatures and are attenuated by the strong bottom friction (Y. Wang et al., 2019). In addition, there are still
southward/northward flow while the northwesterly/southeasterly winds diminish, implying that the sea sur-
face slope is another driving force of the throughflow in the Gaspar and Karimata straits.
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The along-strait momentum equation can be written as follows:

a_”_ﬁz_g677+7sx—fbx

ot o pH ®

where @ and ¥ are the vertical mean current velocities of the along- and across-strait components, respective-
ly; n is the SSH; f, g, o, and H are the Coriolis parameter, gravitational acceleration, mean water density, and
mean water depth, respectively; and 7, and 7y are the along strait components of wind stress and bottom
frictional stress, respectively, which are related to the sea surface wind and near bottom currents as follows:

Tsx = Cdspa |Va|ua (9)

Vs

Tox = CanP|Vs|thp (10)
where Cys and Cyy, are drag coefficients of wind stress and bottom frictional stress, assumed constants with
value of ~2 x 107%; p, the is the air density, taken to be 1.169 kg/m’ for a mean sea level air pressure of
1.01 x 10° Pa and a mean air temperature of 28°C; |V,| and |V, are the sea surface wind and near bottom
current speed; and u, and u, are the along-strait components of the sea surface wind and the near bottom
current, respectively.

According to the observations, the magnitude of 0ii/0t is on the order of ~5 X 10~® m/s? the Coriolis term
can be ignored near the equator, the SSH gradient forcing is on the order of ~3.5 X 10™° m/s? and the sur-
face and bottom stresses are roughly on the order of ~2.5 x 107 m/s>. Therefore, the dominant dynamic
balance is established by the SSH gradient forcing, the wind stress and the bottom friction.

This dynamic balance is well represented by the fact that the variation in vertically averaged ASV at all
four stations coincides with the area-averaged SSH difference between the south (4.375-5.625°S, 106.125-
108.625°E) and north (0.625°S-0.625°N, 106.125-108.625°E) of the Gaspar and Karimata straits (Figure 3a).
The correlation coefficients between the daily SSH gradient and ASV at the four stations are 0.897, 0.870,
0.863, and 0.899, respectively, which are above the 95% confidence level. The daily local SSW are also sig-
nificantly correlated with the ASV at the four stations, with mean correlation coefficients of —0.785/0.825
for zonal/meridional winds. These high correlations encourage us to extend the observed ASV to a much
longer time series based on the satellite observed SSH and SSW data. By using a regression method (Y. Wang
et al., 2019), we reconstruct the daily ASV time series from 1993 to 2017, which are used for the analysis of
the water transport variations in the Gaspar and Karimata straits.

Figure 3b shows the bottom temperature measured by the TRMBs and SST derived from satellites. The bot-
tom temperature and SST at the four stations are synchronous with each other, showing double peaks dur-
ing one calendar year. The maximum temperatures (~30.2°C) occur in May and the second peak (~29.5°C)
occurs in November during most of the observation period. The minimum temperatures (~28.2°C) occur in
February. During the SITE period, the bottom temperature is 0.18 + 0.74°C and 0.06 + 0.71°C lower than
the AVHRR and GHRSST, respectively. The GHRSST is generally 0.07 = 0.27°C smaller than the AVHRR.
On the other hand, the temperature profiles measured by CTD show that the mean difference of sea surface
and bottom temperature is 0.09°C in December, 0.18°C in April and May, 0.05°C in June and August, and
0.72°C in September and November (Figure 4). The vertical structures of the temperature show a near-line-
arly decreasing trend instead of a shallow mixed layer at most of the stations except in April-May. Neverthe-
less, the station averaged temperature profile in April-May also represents a near-linearly decreasing trend
with depth, suggesting that for variations with seasonal or longer time scales, the temperature profile can be
derived from SST based on the simple assumption given in Section 2.2. The average temperature and salin-
ity profiles derived from the satellite SST and SSS basically show similar vertical structures in comparison
with the CTD measurements, albeit with a systematic shift (Figure 4). We also notice that there are different
vertical structures for single CTD profiles (which also rely on weather conditions such as rainfall); therefore,
it is not accurate when estimates the daily profiles based on satellite observations. However, for time scales
longer than seasonal cycle, it could provide a good reference. Unfortunately, since the CTD profiles are too
few, it is also difficult to give an error estimation; instead, we have tried to use three datasets of temperature/
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Figure 3. (a) Vertically averaged along strait velocity (positive northward) and SSH difference between the south (4.375-5.625°S, 106.125-108.625°E) and north
(0.625°S-0.625°N, 106.125-108.625°E) of the Gaspar and Karimata straits. (b) Bottom temperature measured by CTD on board of TRBMs (solid lines) and sea
surface temperature from AVHRR (dashed lines) and GHRSST (dotted lines). (c) Bottom salinity measured by CTD on board of TRBMs (solid lines) and sea
surface salinity from SMAP (dashed lines) and SMOS (dotted lines). AVHRR, Advanced Very High Resolution Radiometer; CTD, Conductivity, Temperature,

Pressure recorder; GHRSST, Group for High Resolution Sea Surface Temperature; SMAP, Soil Moisture Active Passive; SMOS, Soil Moisture and Ocean Salinity;
TRBM, Trawl Resistant Bottom Mount.

salinity time series, including two satellite products and one in situ measurement, to estimate the heat and
freshwater transports.

Figure 3c shows the bottom salinity measured by the TRMBs and SSS derived from satellites. The bot-
tom salinity shows similar annual cycle in comparison with temperature, but with double peaks in April
(32.99 psu) and October (33.06 psu). The satellite SSS products do not coincide with the bottom salinity
from TRBMs at the daily time scale as those of SST and bottom temperature. However, it is consistent with
the double peaks for the SSS annual cycle. Moreover, both satellite and TRBM reveal an increasing salinity
trend approximately 0.13 psu/year in the Gaspar and Karimata straits since October 2008. This salinity
trend has accelerated up to approximately 0.28 psu/year since January 2012. Previous investigations suggest
dual roles of Karimata Strait transport in the total ITF volume transport: by contributing to the total trans-
port on the one hand, and by reducing the Makassar Strait transport on the other hand. Therefore, the salin-
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are temperature and salinity profiles from single CTD cast. Solid dark red and blue lines are temperature and salinity
profiles averaged from the CTD casts. Dark dashed and dotted red lines are averaged temperature profiles derived from
GHRSST and AVHRR SST data. Dark dashed and dotted blue lines are averaged salinity profiles derived from SMOS
and SMAP SSS data. AVHRR, Advanced Very High Resolution Radiometer; CTD, Conductivity, Temperature, Pressure
recorder; GHRSST, Group for High Resolution Sea Surface Temperature; SMAP, Soil Moisture Active Passive; SMOS,
Soil Moisture and Ocean Salinity.

ity trend in the Gaspar and Karimata straits may influence the interactions between the SCS branch and the
ITF as less fresh water is transported to the Java Sea. Similar to those of temperature, the station-averaged
salinity profile also represents a linear decreasing trend with depth (Figure 4), suggesting that for variations
with seasonal or longer time scales, the salinity profile can be derived from the SSS and/or bottom salinity
based on the simple assumption in Section 2.2.

3.2. Volume Transport

Figure 5 shows the seasonal variability in the net volume transport from the SCS to the Java Sea across the
transects A and B, respectively. A previous estimation of the volume transport across transect A suggest-
ed —3.6 = 0.8 Sv from 13 January to 12 February 2008 (Fang et al., 2010). Susanto et al. (2013) estimated
the averaged volume transport across transect A was —2.7 + 1.1 Sv from December 2007 to March 2008,
and 1.2 + 0.6 Sv from May to September 2008. Of the averaged volume transport during the entire obser-
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Figure 5. Total volume transport through transect A estimated by Fang et al. (2010) from January 13 to February
12, 2008 (red line) and Susanto et al. (2013) from December 4, 2007 to November 1, 2008 (blue line); and through
the transect B from November 7, 2008 to May 18, 2016 (gray and black lines represent each calendar year and the
climatological result, respectively). Negative values indicate southward transport from the SCS to the Java Sea. SCS,
South China Sea.

vation period (from 4 December 2007 to 1 November 2008), Susanto et al. (2013) gave an estimation of
—0.5 £ 1.9 Sv. In comparison, the climatological total volume transports over the period of 2009-2016 across
the transects of B14 plus B23 give values of —1.98 + 0.23 Sv from December to March, 0.47 + 0.20 from May
to September, and 0.78 + 0.12 Sv in annual mean.

By applying a regression model, we calculate the ASV at stations B; to B, from 1993 to 2017 based on AVI-
SO SSH and CCMP SSW data. The vertically averaged ASV at each station shows that the predicted and
measured velocities match well with each other (Figures 6a-6d). The vertically averaged ASV also shows
dominant seasonal variability forcing by monsoon, with annual mean velocities of —16 and —14 cm/s in
the Gaspar and Karimata straits, respectively. The vertical distributions of ASV interannual anomalies in
Gaspar and Karimata straits are shown in Figure 6e and 6f, respectively. The interannual variability of ASV
profiles in the Gaspar and Karimata straits are generally synchronized with each other (Figures 6e-6f). The
maximum anomalies reach approximately 9 and 6 cm/s in the Gaspar and Karimata straits, respectively,
which occur near the surface layer shallower than 10 m. The periods of strong throughflow (negative anom-
alies) are identified as 1994-1995, 1999-2000, 2001-2002, 2004, 2007, and 2013-2014. The periods of weak
throughflow (positive anomalies) are identified during 1996-1997, 1998-1999, 2008-2009, 2011-2012, and
2016-2017. In addition to the interannual variability, a significant positive trend is also found in Figure 6e
and 6f, implying a slowdown of southward flow in both the Gaspar and Karimata straits since 2008. This
may have resulted in a decreasing water transport from the SCS to the Java Sea since 2008.

Figure 7 shows the total volume transport anomalies and the IMFs and residual decomposed from the total
volume transport. The IMF1 represents the seasonal variation in transport, showing positive/negative val-
ues during the southeast/northwest monsoon seasons. The seasonal variation is the dominant mode, whose
amplitude could reach 1.5 Sv (Figure 7b). The IMF2 and IMF3 with periods of 2.5 and 4.5 years represent
the interannual variations (Figure 7c and 7d). The sum of IMF2 and IMF3 is shown in Figure 7a in order
to compare with the interannual anomalies of the total volume transport. The transport anomalies are
consistent with the sum of IFM2 and IMF3 except for an additional ascending trend, which is caught by
the residual of the EMD analysis. The amplitude of interannual variability is approximately 0.10 + 0.05 Sv
with the maximum amplitude up to 0.22 Sv. The period of IMF4 is 14.2 years, suggesting a decadal variation
in volume transport (Figure 7e). The positive periods of decadal variability are 1993-2003 and 2010-2015,
whereas the negative periods are 2003-2009 and 2016 to the present. The residual of the EMD analysis
shows ascending trend of 0.02 Sv per year over the period of 1997-2014, implying that volume transport
toward the Java Sea has deceased by as much as 0.26 Sv after 2014 in comparison with that before 1997.
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Figure 6. Monthly mean along-strait velocity at Stations (a) B, (b) By, (c) Bs, (d) By, and vertical distribution of along-
strait velocity anomaly time series in (e) Gaspar and (f) Karimata straits. The horizontal lines in (a)-(d) represent the
mean velocity. The light and dark lines in (a)-(d) indicate the regressed and observed velocities, respectively. Negative
values indicate southward flow from the South China Sea to the Java Sea. The time series in (a)—(f) are smoothed with
13-month running mean to filter high-frequency noise.

The wavelet analysis of the filtered interannual volume transport (IMF2+IMF3) is shown in Figure 8a. The
results show significant interannual signals with typical periods of 1.8-3.1 and 2.6-3.8 years during 1993-
2001 and 2004-2014, respectively. The Hilbert spectral energy of the sum of IMF2 and IMF3 shows energy
larger than the mean energy plus half of its standard deviation during 1993-1996, 2006-2007, 2009, and
2016. Together with the time series of IMF2+IMF3 (solid line in Figure 7a), the strong interannual transport
events (i.e., more volume transport from the SCS to Java Sea) are identified during 1995, 2007, and 2013;
and the weak interannual transport events are identified during 1993-1994, 2005-2006, 2009-2010, and
2016-2017. The strong and weak events generally peak in boreal summer and winter, respectively. Of par-
ticular interest is that the interannual events of volume transport are not statistically correlated with either
ENSO or IOD events, since they could occur during either normal or IOD/ENSO years, but not occur during
the strong IOD/ENSO event of 1997-1998. The correlations between the interannual volume transport and
the DMI and ONI indices are —0.17 and 0.18, respectively, which are both below the 95% confidence level.
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Figure 7. (a) Total volume transport anomalies with a running mean window of 13 months (dashed line) and
IMF2+IMF3 (solid line); (b)-(e) The IMFs of EMD analysis of the total volume transport through the Gaspar and
Karimata straits. (f) The residual of the EMD analysis. EMD, Empirical Mode Decomposition; IMF, Intrinsic Mode
Function.

3.3. Heat and Freshwater Transports

The Karimata Throughflow carries an annual mean heat flux of approximately 77.31 + 4.99 TW (1 TW = 10
PW) from the SCS to the Java Sea (Table 1). In winter, the heat transport is 209.68 + 15.19 TW from the
SCS to the Java Sea, whereas 61.06 + 15.46 TW from the Java Sea to the SCS in summer (Table 1). Mean-
while, the freshwater transport of the Karimata Throughflow gives an estimation of annual mean value at
—30.87 + 6.15 mSv (1 mSv = 10 Sv) (Table 2). The seasonal cycle of freshwater transport coincides with
those of the volume and heat transport, which suggests a seasonal mean transport of —99.87 + 15.11 and
31.67 = 8.76 mSv in boreal winter and summer, respectively (Table 2). Different investigations show a wide
range of annual mean estimates of ITF heat transport from 0.39 to 1.15 PW, with an averaged value of 0.66
PW (Hirst & Godfrey, 1993; Tillinger & Gordon, 2010; Vranes, 2002; Xie et al., 2019; Zhang et al., 2019).
Therefore, the contribution of annual mean heat transport carried by the Karimata Throughflow could be
as large as ~15% of that carried by the ITF, although the annual mean volume transport of the Karimata
Throughflow is only 5% of the ITF. This contribution becomes more important and, roughly equals more
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mean value. IMF, Intrinsic Mode Function.

than half of the ITF heat transport in boreal winter, while the heat transport of the Karimata Throughflow

reaches its peak of approximately 0.21 PW, but is expected to be at a value smaller than its mean state for the
ITF (Gruenburg & Gordon, 2018; Vranes, 2002).

The anomaly as well as the IMFs and residual derived from the Karimata Throughflow heat transport are
shown in Figure 9. The heat transport anomalies derived from CTD measurements and satellite SST are
in good agreement with each other (Figure 9a). The interannual heat transport is comprised of IMF2 and
IMF3 of the EMD analysis, with periods of 2.5 and 4.5 years, respectively. The amplitude of interannual
variability is approximately 8.54 + 4.90 TW with the maximum amplitudes up to 17.11 TW. The Karimata
Throughflow heat transport is primarily dominated by seasonal variability driven by monsoon, with sea-
sonal amplitude up to 131.94 + 12.54 TW, which is about 10 times the values for interannual and decadal

g‘lnlil::z;logical Heat Transport Through the Gaspar and Karimata Straits (Unit: TW)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual mean
CTD —235.86 —202.84 —181.39 —-91.14 1149 78.76 87.47  62.27 —11.43 —131.78 —170.89 —208.42 —82.81
AVHRR —223.50 —197.56 —146.45 —58.99 17.06  54.45 6292 39.19 —11.87 —-92.97 —147.00 —207.50 —76.02
GHRSST —223.33 —187.16 —144.72 —61.03 10.24 5519 6595 43.31 —6.58 —87.18 —140.80 —200.96 —73.09

Abbreviations: AVHRR, Advanced Very High Resolution Radiometer; GHRSST, Group for High Resolution Sea Surface Temperature.
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g‘;‘il;z;)logical Freshwater Transport Through the Gaspar and Karimata Straits (Unit: mSv; 1 mSv = 107> Sv)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual mean
CTD —124.14 —89.96 —74.66 —32.55 5.04 36.22 44.28 29.08 —3.42 —45.48 —69.56 —107.83 —36.08
SMOS —113.10 —84.85 —63.56 —30.47 4.51 32.31 44.08 31.57 —5.68 —47.19 —62.12 —94.85 —32.45
SMAP —112.89 —79.48 —37.68 —19.47 9.85 25.02 23.65 18.83 —0.48 —21.46 —46.18 —91.77 —27.67

Abbreviations: SMAP, Soil Moisture Active Passive; SMOS, Soil Moisture and Ocean Salinity.

variations (Figures 9b-9e). The IMF4 shows decadal variability with a period of 14.2 years, which is con-
sistent with that of volume transport (Figure 9¢). In addition to these periodic variations, the Karimata
Throughflow heat transport also shows a significant ascending trend of 0.78 TW per year over the period
of 1998-2015, suggesting reduction of heat transport from the SCS to the Java Sea by around 15 TW over
the past two decades. This decreasing trend of southward heatflux is closely related to the decadal change
of upper ocean heat content in the SCS associated with the Interdecadal Pacific Oscillation (IPO) (Xiao
et al., 2019, 2020).

Considering that the current and temperature in the Gaspar and Karimata straits can be decomposed
into seasonal cycles and anomalies V =V + V',and T = T + 7", then the heat transport can be written as
follows:

Fy = c,,poﬂ"[(f ~R)7 + (T -1)v + 71"+ T'V'}dxdz a1

where the first through third terms of the right-hand side represent the contributions from climatologi-
cal state, velocity and temperature variations, respectively. The fourth term has relatively smaller values
and thus can be ignored. The sea water density is set to a constant of 1,024 kg/m? for simplicity. The
values of these four terms are plotted in Figure 10. The results show that both the velocity and tempera-
ture anomalies contribute to the interannual variation in the Karimata Throughflow heat transport, ac-
counting for approximately 6.14 and 0.94 TW, respectively (Figure 10b and 10c). The velocity anomalies
also explain a decreasing trend of southward heat transport of the Karimata Throughflow by 0.86 TW
per year during the period of 1993-2017. In contrast, the temperature anomalies induce an increasing
trend of 0.09 TW per year in the southward heat transport, which may be associated with basin scale
warming in the SCS.

By the combination of direct measurement of near bottom salinity and satellite remote sensing of SSS, the
freshwater transport time series could be extended from October 2008 to December 2017 (Figure 11). The
freshwater transport anomaly is in phase with the sum of IMF2 and IMF3 (Figure 10a), which suggests typ-
ical interannual periods of 2.5-4.5 years (Figure 11c and 11d). Seasonal variability, of which the amplitude
reaches 66.06 = 7.06 mSyv, is the largest contribution to the freshwater transport variations (Figure 11b). In
comparison, the amplitude of interannual freshwater transport is only 3.42 + 3.58 mSv. The largest inter-
annual freshwater anomalies occurred in 2011 and 2012, showing an increase and decease in freshwater
transport from the SCS to the Java Sea by 6.55 and 7.00 mSy, respectively (Figure 11a). The residual of the
EMD analysis shows an ascending trend of 1.54 mSv per year over the period of 2009-2016 (Figure 11e). In
other words, the freshwater transport from the SCS to the Java Sea has reduced by approximately 12.29 mSv
in 2016 compared with 2009. This reduction is equal to around 33.2%-49.72% of the annual mean freshwa-
ter transport from 2009 to 2016.

Similarly, the freshwater transport of the Karimata Throughflw can be given by

(So =Sy sv sV
So So So So

dxdz

where the first to third terms of the right-hand side represent the contributions from climatological
state, velocity and salinity variations, respectively. The fourth term is the higher-order term. The values
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Figure 9. (a) Total heat transport anomalies (dashed lines: red, green, and gray are calculated from CTD, GHRSST,
and AVHRR, respectively) and IMF2+IMF3 (solid line); (b)-(e) The IMFs of EMD analysis of the total heat transport
through the Gaspar and Karimata straits. (f) The residual of the EMD analysis. AVHRR, Advanced Very High
Resolution Radiometer; CTD, Conductivity, Temperature, Pressure recorder; EMD, Empirical Mode Decomposition;
GHRSST, Group for High Resolution Sea Surface Temperature; IMF, Intrinsic Mode Function.

of these four terms are plotted in Figure 12. The results show that both the velocity and salinity anoma-
lies contribute to the interannual variation in the Karimata Throughflow freshwater transport, account-
ing for approximately 2.34 and 2.98 mSy, respectively (Figure 12b and 12c). Meanwhile, the decreasing
trend of southward freshwater transport is explained by both the weakened southward volume transport
(~0.32 mSv per year) and the salinification (~1.26 mSv per year) in the Karimata Strait. S'V’/S, accounts
for an increasing trend of ~0.13 mSv per year in southward freshwater transport. It is worth mentioning
that the mixed layer salinity in the SCS has shown an increasing trend since 2012, which is attributed to
the increasing net surface freshwater loss and horizontal salt advection through the Luzon Strait driven
by the SCSTF (Zeng et al., 2018; Zu et al., 2020). This basin-wide salinification in the SCS essentially
contributes to the increasing trend of salinity in the Karimata Strait, resulting in reduction of freshwater
transport toward the Java Sea.
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Figure 10. (a) Climatological mean state, (b) current anomaly induced variation, (c) temperature anomaly induced
variation, and (d) higher-order terms of the total heat transport of the Karimata Throughflow.

4. Discussion and Conclusions

The Karimata Strait serves as not only an outflow strait of the SCSTF, but also the inflow strait of the ITF
(Du et al., 2010). During the northwest monsoon season, the relatively low salinity water in SCS is transport-
ed to the Java Sea, and in turn across the Java Sea to join the main route of the ITF in the south of Makassar
Strait. According to mooring observations of Gordon et al. (2019), the mean annual cycle of the Makassar
Throughflow (0-760 m) shows more volume transport from February to September and less from October
to the following January (Figure 13a, also see Figure 4 in Gordon et al., 2019). With a focus on transport in
the upper 300 m, the annual cycle of Makassar Throughflow volume transport is basically out of phase with
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Figure 11. (a) Total freshwater transport anomalies (dashed line) and IMF2+IMF3 (solid line); (b)-(d) The IMFs of
EMD analysis of the total freshwater transport through the Gaspar and Karimata straits. (e) The residual of the EMD
analysis. EMD, Empirical Mode Decomposition; IMF, Intrinsic Mode Function.

that of Karimata Throughflow (Figure 13a and 13b). The mean volume transport of the Makassar Through-
flow in the upper 300 m is —7.23 + 1.08 Sv from November to the following February. In comparison, the
mean volume transport of Karimata Throughflow is —2.22 + 0.36 Sv during this period. Consequently, the
Karimata Throughflow could contribute considerable volume transport, with more than one third of the
Makassar Throughflow volume transport during boreal winter. Meanwhile, the Karimata Throughflow car-
ries 209.68 + 15.19 TW (~0.21 PW) of heat flux from the SCS to the Java Sea in boreal winter (Figure 13c).
This value is as large as 32% of the averaged estimation of ~0.66 PW in the annual mean heat transport
of the ITF from different literatures (Hirst & Godfrey, 1993; Vranes, 2002; Tillinger & Gordon, 2010; Xie
et al., 2019; Zhang et al., 2019). It should be noted that the ITF heat transport in winter is smaller than its
annual mean value, making the contribution of Karimata Throughflow more considerable in winter.

Previous studies suggest a “freshwater plug” effect induced by low salinity water input into the Sulawesi
and Java Seas from the SCS through the Mindoro-Sibutu Passage and Karimata Strait, respectively (Fang
et al., 2010; Gordon et al., 2012). The input of SCS low salinity surface layer waters builds a pool of buoyant
surface water in the northern and southern of the Makassar Strait, that is, the Sulawesi and Flores Seas,
which inhibits the southward transport of surface layer waters in the Makassar Strait. This “freshwater
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Figure 12. (a) Climatological mean state, (b) current anomaly induced variation, (c) salinity anomaly induced
variation, and (d) higher-order term of the total freshwater transport of the Karimata Throughflow.

plug” effect is corroborated by numerical experiments with closing the Karimata Strait and/or the Min-
doro-Sibutu Passage (Jiang et al., 2019; Li et al., 2019; Tozuka et al., 2009). Moreover, numerical experiments
show that by closing the Karimata Strait only, change in mean ITF volume transport is equivalent to that by
closing both the Karimata Strait and Mindoro-Sibutu Passage, suggesting a more critical role of the Karima-
ta Strait for the mean state of ITF transport (Jiang et al., 2019; Li et al., 2019). In the observations, the salini-
ty in Gaspar and Karimata straits is below 34, with a long-term mean value of only 33.09 (Figure 3c), which
is at least 0.45 smaller than that in the Mindoro Strait (Sprintall et al., 2012). These limited observations
of salinity may partly explain the simulated larger freshwater transport through the Karimata Strait than
through the Mindoro Strait, although the Karimata Throughflow volume transport has shown smaller value
(Fang et al., 2003; Wang et al., 2019). In this study, we estimate freshwater transport through the Karimata
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Figure 13. Climatological monthly (a) volume transport of 0-300 m (black), 300-760 m (blue) and 0-760 m (red) in
the Makassar Strait; (b) volume, (c) heat and (d) freshwater transports in the Karimata Strait. The dashed lines indicate
the annual mean values. The Makassar volume transport data are obtained from Gordon et al. (2019). The peaks of the
southeast and northwest monsoons are shaded in magenta and cyan, respectively.

Strait with an annual mean value of —30.87 + 6.15 mSv. In boreal winter, when the “freshwater plug” effect
is active, freshwater transport reaches its peak value of —99.87 + 15.11 mSv (Figure 13d). Observations
from the Tropical Rainfall Measuring Mission (TRMM) show annual mean precipitation of ~170 mSv to the

XU ET AL.

19 of 25



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016608

entire Indonesian seas, with a maximum monthly value of ~240 mSv occurring from January to February
(Kida et al., 2019). Therefore, the Karimata Throughflow freshwater transport, together with the Maritime
Continent water cycle, that is, local precipitation and runoff from Kalimantan (Lee et al., 2019), could
have a significant impact on the mean state and seasonal variability of ITF transport. Since the Karimata
Throughflow transport is subject to strong seasonal reversal features with relatively smaller interannual
variation, the water transport through the Mindoro-Sibutu Passage is more crucially important to modulate
the ITF in the Makassar Strait on an interannual time scale (Wei et al., 2016).

The volume, heat and freshwater transports seem less correlated with both the IOD and ENSO events (Fig-
ure 14). As shown in Figure 14a, the El Nifio events during 1993-2017 can be classified as: very strong
(1997-1998, 2015-2016), moderate (1994-1995, 2002-2003, and 2009-2010) and weak (2004-2005, 2006
2007, and 2014-2015). The La Nifa events are classified as: strong (1998-1999, 1999-2000, 2007-2008,
and 2010-2011), moderate (1995-1996 and 2011-2012), and weak (2000-2001, 2005-2006, 2008-2009, and
2016-2017), according to the Oceanic Nifio Index (ONI), which is used as the de-facto standard by NOAA
(https://ggweather.com/enso/oni.htm). The Australian Bureau of Meteorology has identified the positive
10D events in 1994, 1997, 2006, 2012, and 2015, and negative IOD events in 1996, 1998, 2010, 2014, and 2016
(http://www.bom.gov.au/climate/iod/#tabs=Negative-IOD-impacts). From Figure 14, it can be seen that
the phase of Karimata Throughflow transport could show either in phase, out phase or lag phase with the
ONI indices during different periods. For example, during strong El Nifio years, the Karimata Throughflow
volume transport is in a declining phase in 1997-1998 and is out of phase with the ONI indices between
2015 and 2016, whereas it is in phase with the ONI during the 2002-2003 and 2009-2010 El Nifio events.
The situation is similar for the relationship between Karimata Throughflow transport and IOD, but with
a more implicit complexity since IOD events often co-occur with ENSO events. It is worth mentioning
that the El Nifio induced basin scale wind and Luzon Strait transport anomalies could effectively modu-
late the winter circulation in the southern SCS, and thus influence the Mindoro Strait transport (Q. Wang
et al., 2020; Zu et al., 2019). However, for the Karimata Strait, the interannual transport anomalies seem to
be associated with the maritime continent cross-equatorial flow and the East Asia winter monsoon (Fig-
ure 14f and 14g). It should be noted that in the case of freshwater transport, both the current velocity and
salinity variations contribute to the interannual anomaly (Figure 12). Of the contribution from the salinity
anomaly, it is supposed to be closely related to the East Asia winter monsoon with a similar mechanism as
that in the Makassar Strait (Murty et al., 2017).

The annual mean contribution of the Karimata Throughflow volume transport is much smaller than that of
the ITF, that is, 0.78 Sv versus 15 Sv. However, the heat and freshwater transport of Karimata Throughflow
is considerable, especially in boreal winter. In particular, freshwater transport in winter contributes as much
as 42% of the rainfall input to the entire Indonesian seas. Figure 15 shows the transport of volume, heat and
freshwater through the Karimata Strait in boreal winter when it directly contributes to the ITF. The results
show a significant decreasing trend of southward transport, which can be partly explained by the weak-
ening trend of the maritime continent cross-equatorial flow (Figure 15d). Recently, the so-called “salinity
effect” has been proposed to explain the interannual variability and decadal enhancement of the ITF (Hu &
Sprintall, 2016, 2017). The results suggest that the halosteric component of the ITF transport contributes ap-
proximately (36 & 7)% of the total ITF variability (Hu & Sprintall, 2016). Meanwhile, the intensified rainfall
in the Indonesian seas results in a freshening and a subsequent increase in the halosteric component of ITF
transport, which is the primary contributor to the decadal enhanced ITF (Hu & Sprintall, 2017). Thus, the
reduction in southward freshwater transport through the Karimata Strait would play contradictory roles in
the decadal trend of ITF transport:(1) it serves to increase the ITF transport because the “freshwater plug”
would be weaker and not inhibit Makassar Throughflow; (2) it would reduce the ITF transport as less fresh-
ening of the buoyant plume in the Indo-Australian Basin favoring to weaken the ITF.

5. Summary

Based on direct measurements of current profiles, bottom temperature, salinity, and satellite derived SSS,
SST, SSH, and SSW products, we estimated the volume, heat and freshwater transports from the SCS to
the Java Sea through the Gaspar and Karimata straits. The Karimata Throughflow is subject to strong
seasonal variability, with volume, heat, freshwater transports of —1.98 + 0.23 Sv, —209.68 + 15.19 TW,
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Figure 14. (a) ONI and (b) DMI indices; (c) volume, (d) heat and (e) freshwater transport anomalies of the Karimata
Throughflow, (f) cross-equatorial flow indices, and (g) East Asia Winter Monsoon indices over the period of 1993-2017.
The time series in (a)-(e) are 13 months running mean smoothed. DMI, Dipole Mode Index; IOD, Indian Ocean Dipole;
ONI, Oceanic Nifio Index.

—99.87 + 15.11 mSv in winter, and 0.47 £ 0.20 Sv, 61.06 + 15.46 TW, 31.67 + 8.76 mSv in summer, respec-
tively. The annual mean volume, heat and freshwater transports are —0.78 = 0.12 Sv, —77.31 + 4.99 TW, and
—30.87 £ 6.15 mSy, respectively. Further, we found that the observed ASVs have high correlation with the
SSH gradient along the Gaspar and Karimata Straits and the local SSW far beyond the 95% confidence level.
A proxy time series of ASV in the Gaspar and Karimata Straits from 1993 to 2017 was developed using SSH
gradient and SSW data.

Despite the relatively small annual mean volume transport through the Gaspar and Karimata Straits
compared with the ITF, the annual mean heat transport of the Karimata Throughflow contributes con-
siderably, as much as 15% of the ITF. The heat transport of the Karimata Throughflow becomes more
important and, roughly equals more than half of the ITF heat transport in boreal winter. Meanwhile, the
Karimata Throughflow freshwater transport is as large as 42% of the rainfall input into the entire Indo-
nesian seas in boreal winter. Consequently, the Karimata Throughflow water transport may potentially
have an important influence on the Makassar Throughflow in seasonal scale through the “freshwater
plug” effect (Fang et al., 2010; Gordon et al., 2012). The hypothesis of the “freshwater plug” is explained
by the input of SCS low salinity surface waters to the northern and southern of the Makassar Strait to
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Figure 15. (a) Volume transport, (b) Heat transport, and (c) freshwater transport of the Karimata Throughflow in
boreal winter; (d) Cross-equatorial flow index in winter over the period of 1993-2017. Straight lines indicate the trends.

build a pool of buoyant surface water, favoring inhibition of the southward Makassar Throughflow. The
“freshwater plug” effect is evidenced by the out-of-phase condition between the seasonal Karimata and
Makassar transport (Figure 11) and demonstrated by numerical experiments with blocking related straits
(Jiang et al., 2019; Li et al., 2019).

It is interesting that the interannual variability of the Karimata Throughflow shows an insignificant cor-
relation with both the IOD and ENSO indices. In addition, during the period of 1997-2015, the Karimata
Throughflow shows a decrease in volume and heat transports of 0.26 Sv and 15 TW from the SCS to the
Java Sea, respectively. Freshwater transport has only been available since October 2008, showing a decrease
of 12.29 mSv by the end of 2016, equivalent to approximately 33.2%-49.72% of the annual mean freshwater
transport over the period of 2009-2016. This decreasing trend may also influence the decadal enhancement
of the ITF through the “salinity effect” as suggested by Hu and Sprintall (2017).
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