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The Karimata Strait (KS) throughflow between the South China Sea (SCS) and Java

Sea plays an essential role in heat and freshwater budget in the SCS and dual roles

in strengthening/reducing the primary Indonesian throughflow (ITF) in the

Makassar Strait. A sustained long-term monitoring of the ITF is logistically

challenging and expensive; therefore, proxies are needed. Here, we use a

combination of in situ measurement of the KS throughflow and satellite-derived

sea surface height (SSH) and sea surface wind (SSW) to determine the interannual

and decadal modulations in seasonal amplitude of the KS throughflow associated

with El Niño-Southern Oscillation (ENSO), Indian Ocean dipole (IOD), Pacific

Decadal Oscillation (PDO). Linear regression, correlation, harmonic and power

spectrum analyses are used. The results manifest that there are significant

interannual to decadal modulations in the seasonal amplitude of the KS

throughflow. The modulations of the seasonal amplitude in the volume and heat

transports range 1.36-1.92 Sv (1 Sv = 106 m3 s-1) and 126.41-173.36 TW (1 TW = 1012

W), respectively, with a significant cycle of ~9 years. From 1994 to 2020, the

seasonal amplitude of volume transport through the KS shows an increasing trend

of 37.75 ± 15.69 mSv decade-1 (1 mSv = 103 m3 s-1). The seasonal amplitude of the

heat transport also increases, at a rate of 4.78 ± 1.52 TW decade-1. The KS volume

transport is positively correlated with PDO and ENSO indices (r2 = 0.69 and r2 =

0.58), with a lag of 12 and 10 months, respectively. The results of composite

analysis suggest that the interannual variability of the KS transport is related to the

interannual anomalies of the SSH gradient and the local SSW fields in boreal winter.

KEYWORDS

Karimata Strait throughflow, water exchange, seasonal variability, amplitude
modulations, interannual to decadal variations
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1 Introduction

The Karimata Strait (KS) and Gaspar Strait (GS) are located between

the South China Sea (SCS) and Java Sea (JS) (Fang et al., 2002; Fang et al.,

2010). The KS is located between the Belitung Island and Kalimantan

Island, with about 220 km width and less than 50 m in depth. The width

of the GS between Banka Island and Belitung Island is only about half the

width of the KS, and the depth is less than 40 m (Figure 1). For

convenience, the two straits are generally referred to as the KS (Wang

et al., 2019; Xu et al., 2021). The water is of lower sea surface temperature

(SST) and higher sea surface salinity in the southern SCS than that in the

JS during boreal winter (hereinafter referred to as winter), and vice versa

during boreal summer (hereinafter referred to as summer) (Kok et al.,

2021). In winter, the SCS water flows southward through the KS and the

JS and ultimately drains into the Indonesian throughflow (ITF) (Fang

et al., 2010). Comparing with its direct contribution to ITF transport, it

plays a more important role in the seasonal and interannual variations of

volume, heat, and fresh water transports because of its features of

relatively low salinity and high temperature (Gordon et al., 2003;

Tozuka et al., 2007; Tozuka et al., 2009; Kok et al., 2021; Samanta

et al., 2021; Purba et al., 2021).

Research on the KS throughflow (KSTF) can be traced back to

Wyrtki (1961). Using ship observational data, he found that the

surface current in the KS has a seasonal reversal; it flows southward

from the SCS to the JS in winter with a volume transport of -4.5 Sv (1

Sv = 106 m3s-1, positive northward), and flows northward from the JS

to the SCS in summer with a volume transport of 3.0 Sv. According to

model simulations, scientists determined that the KS is not only a

direct connection between the SCS and Indonesian Seas (Fang et al.,

2002), but also an important part of the SCS branch of the Pacific-to-

Indian-Ocean throughflow (Fang et al., 2005; Qu et al., 2005; Wang

et al., 2006; Yaremchuk et al., 2009; Susanto et al., 2010). The KSTF

contributes to the ITF volume transport (Fang et al., 2005),

accounting for 13% of the ITF annual transport (He et al., 2015).

The interaction between the KSTF and ITF has also been studied

using a HYCOM/FVCOM model simulation. It is found that in
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winter, the low-salinity water from the SCS is transported to

Makassar Strait through the KSTF to block the southward ITF,

whereas in summer part of the ITF is advected into the SCS

through the KS with advection onto the Peninsular Malaysia’s east

coast (Gordon et al., 2012; Xu and Malanotte-Rizzoli, 2013; Kok et al.,

2021), and part of the inflow has a contribution to the deep

meridional overturning circulation in the SCS (Shu et al., 2014).

The South China Sea-Indonesian Seas Transport/Exchange and

Impact on Seasonal Fish Migration (SITE) project was launched in

2006 to directly measure variations in the KSTF through observations

(Susanto et al., 2010;Wei et al., 2019). Fang et al. (2010) and Susanto et al.

(2013) analyzed early data from SITE and confirmed the existence of the

SCS branch of Pacific-to-Indian-Ocean throughflow through the KS with

a stronger southward flow in winter and weaker northward flow in

summer. They also found that bottom currents flow southward all year,

although the flow was close to zero in summer. Wang et al. (2019) and

Xu et al. (2021) used the long-term data from SITE to discuss the seasonal

and interannual variations of KSTF and proposed that the seasonal cycle

is dominant forced by the local monsoon winds and sea surface height

(SSH) gradient. They also found an interannual variation with a period of

2.5-4.5 years, but without a significant correlation to the Indian Ocean

Dipole (IOD) or El Niño-Southern Oscillation (ENSO).

Estimates of the KSTF annual mean transport vary considerably in

the early studies, ranging from -0.3 to -4.4 Sv (Table 1). In recent years,

results of both in situ observation and numerical simulation tend to fall

between -0.7 and -1.0 Sv. Although the annual mean transport of the

KSTF is smaller than that of the ITF, the KSTF does contribute a seasonal

variability of more than 5 Sv, and plays a dual role in the total ITF volume

transport (Fang et al., 2010). Combining in situ observation data with

remote sensing data, Xu et al. (2021) constructed a long time series (from

1993 to 2017) of water transport through the KS that shows a strong

seasonal variation (blue line in Figure 2) and a relatively weak interannual

variation of annual mean transport (black line in Figure 2). In addition to

these variations, the seasonal variability from year-to-year (red dotted line

in Figure 2) are much greater than the interannual variability of annual

mean transport (black solid line in Figure 2). Therefore, it is very

important to investigate the interannual modulations of seasonal

variability (Hamlington et al., 2019). In this paper, we focus on the

seasonal amplitude modulations of the KSTF on interannual to decadal

time scales.

The rest of this article is organized as follows. Section 2 describes

the satellite remote sensing and field observation data used to

calculate the KS transport. Section 3 introduces the methods for

multiple linear regression and calculating volume transport, heat

transport, and the seasonal amplitude. In Section 4 we show the

interannual to decadal modulations in seasonal amplitudes. In Section

5 we discuss the potential influencing factors for the changes in the

seasonal amplitude. Summary and discussion are given in Section 6.
2 Data

2.1 Satellite remote sensing data

Even though in situ observations of the KS transport have been

conducted in collaboration among scientists from Indonesia, China

and USA, the observations can’t last for longtime to observe
FIGURE 1

Study region and the observation sites in the KS. (A, B) are the areas
selected to calculate the sea surface height gradient.
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the decadal variability. Hence, the satellite remote sensing data of SST,

sea surface wind (SSW), and SSH are used as proxies to study the

decadal modulations in the seasonal amplitudes of the KS volume and

heat transports. The SST data are NOAA 1/4° Daily Optimum

Interpolation of SST (OISST) using Advanced Very High-

Resolution Radiometer (AVHRR) data (Reynolds et al., 2007;

Huang et al., 2021) with temporal coverage from 1981 to the

present. The SSW data are derived from version 2.0 and 2.1 NRT

of Cross Calibrated Multi-Plantform (CCMP) with a time resolution

of 6 h and spatial resolution of 0.25° × 0.25°. The temporal coverage

spans from 1987 to 2019 for version 2.0 and from 2015 to present for

version 2.1 NRT (Atlas et al., 2011; Wentz et al., 2015). The SSH data

are the daily gridded product processed by the DUACS multi-mission

altimeter data processing system, with metadata provided by the

Copernicus-Marine Environment Monitoring Service (CMEMS). The

SSH data cover from 1993 to present with a spatial resolution of
Frontiers in Marine Science 03
0.25° × 0.25°. The monthly averages of these data from 1993 to 2021

are calculated for use in this study.
2.2 Field observation data

A series of direct current and thermohaline observations in the KS

from 2007 through 2016 were supported by SITE (Wei et al., 2019).

Four trawl-resistant bottom mounts (TRBMs) were deployed in the

south section of the KS from November 2008 to May 2016. The

locations of the four stations were: B1 (2°34.625′S, 107°15.033′E), B2
(2°16.689′S, 108°14.816′E), B3 (1°54.618′S, 108°32.703′E), and B4 (2°

34.623′S, 107°0.899′E) (Figure 1). Each TRBM carried one upward-

looking acoustic Doppler current profiler (ADCP) for velocity profile

observations, and one conductivity-temperature-depth (CTD)

recorder or tide gauge (TG) recorder to measure the temperature

and pressure on the bottom. In some of these cruises, the CTD or TG

was not equipped in the TRBMs; Therefore, some of the time, the

bottom temperature and pressure observations were missing.

Using in situ observation current data, the velocity time series at

four stations in the KS and GS are daily averaged to remove the tidal

signals, and projected to the normal directions of the sections. The

normal directions of the KS (B2 and B3) and the GS (B1 and B4)

sections are 309° and 0° (compared to true north), respectively.

Finally, the time series of the along-strait velocity (ASV) at different

depth layers are obtained (Xu et al., 2021).
3 Methods

3.1 Multiple linear regression

To cope with the gaps in the field observations data, we use

remote sensing data to fill the gaps and extend the time series in order

to investigate interannual to decadal modulations. The KSTF is forced

by local winds and along-channel sea surface slope (Fang et al., 2010;

Wang et al., 2019). Therefore, we can use remote sensing data to

reconstruct the KSTF with a multiple linear regression model

(Formula 1). The continuous and long-term ASV time series at

each station can then be obtained based on the calculated

regression coefficients of all depth layers (Supplementary Table 1).

This method was used to study seasonal and interannual variations in

the KSTF by Fang et al. (2010), Wang et al. (2019) and Xu et al.

(2021). In this study we use this method to reconstruct a long-term

time series of the KSTF to investigate modulations in the KSTF

seasonal amplitudes. The details are shown in Wang et al. (2019) and

Xu et al. (2021). The ASV is calculated from

ASV   = u0 + a1 � Uwnd + a2 � Vwnd + a3 � DADT + ϵ (1)

Where Uwnd and Vwnd represent the zonal and meridional

components of the local SSW, u0 is the magnitude of the basic

current, ϵ represents the residual, and DADT is the difference of the

regional mean SSH between the north (0.625°S - 0.625°N, 106.125°E -

108.625°E) and the south (4.375°S - 5.625°S, 106.125°E - 108.625°E)

(Figure 1) parts of the KS, which were selected based on the correlation

coefficients with the velocity of the KSTF (Wang et al., 2019; Xu et al.,

2021). a1 , a2 , and a3 are the linear regression coefficients.
TABLE 1 Estimated volume transport values of KSTF (unit: Sv).

Winter Summer Annual mean

Wyrtki, 1961 -4.5 3.0 /

Lebedev & Yaremchuk, 2000 / / -4.4 ± 0.5

Fang et al., 2002 / / -3.15

Fang et al., 2005 / / -1.32

Susanto et al., 2013 -2.7 1.2 -0.5

Yaremchuk et al., 2009 / / -0.3 ± 0.5

Fang et al., 2010 -3.6 / -0.8

Liu et al., 2011 / / -1.42

Wang et al., 2011 -3.72 1.86 -0.82

Gordon et al., 2012 / / -0.58

Xu & Malanotte-Rizzoli, 2013 -3.6 1.1 -1.4

He et al., 2015 / / -1.7

Wang et al., 2019 -1.99 0.69 -0.74

Xu et al., 2021 -1.98 ± 0.23 0.47 ± 0.20 -0.78 ± 0.12

Kok et al., 2021 / / -0.96
FIGURE 2

Time series of monthly averaged volume transport through the KS (Xu
et al., 2021). Blue solid line indicates the monthly values; black solid
line indicates the yearly values; red solid lines indicate the envelopes
of the blue line; and red dotted line indicates the difference between
red solid lines.
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3.2 Volume and heat transports

The volume transport is calculated using the following formula

(Fang et al., 2010; Wang et al., 2019):

FV   =ok=n
k=1 Dzkoi=m

i=1 Dlivi,k
� �

(2)

where i and k represent the row and column number of each grid

in the section, respectively, Dzk is the height of grid, Dli the width of

grid, and vi,k is the average normal velocity of each grid.

The heat transport is calculated as follows:

FH   = Cpok=n
k=1 Dzkoi=m

i=1 Dliri,k Ti,k − T0

� �
vi,k

� �
(3)

where, Ti,k and ri,k represent the average temperature and density of

each grid respectively. T0 is the reference temperature, which is set to

3.72 °C (Fang et al., 2010; Kok et al., 2021), and specific heat capacityCp is

3.89 × 103 J kg−1°C−1. To accurately calculate the heat transport through

the KS, the temperature profile at each station is calculated based on the

bottom temperature observed from the TRBMs and the SST remote

sensing data. The specific process is shown in Xu et al. (2021).
3.3 The seasonal amplitude

Seasonal amplitude is an important factor for evaluating

interannual differences in seasonal cycle or seasonal variability. In

this paper, we employ two methods to estimate the seasonal

amplitude of the KSTF.

a) Method 1: winter and summer difference algorithm

Since the seasonal cycle is mainly shown in the difference between the

winter and the summer, we can use the difference to represent the

intensity of this seasonal change. Half of the absolute value of this

difference is used as the seasonal amplitude value, and the difference is

defined as the monthly mean minimum occurring in winter minus the

average of monthly mean maximums occurring in the preceding and

following summers:

Ai+1 = Mini −
Maxi +Maxi+1ð Þ

2

����
���� ÷ 2 (4)

where Ai+1 is the seasonal amplitude value in the i+1th year, Mini
represents the monthly mean minimum value of a time series in

winter of the ith to the i+1th year,Maxi represents the monthly mean

maximum of a time series in summer of the ith year, and Maxi+1
represents the monthly mean maximum in summer of the i+1th year.

These two summer averages are located on both sides of this winter.

The time interval of seasonal amplitude time series calculated by this

method is one year. While extracting the seasonal amplitude of SST,

Maxi and Maxi+1 represent the monthly mean maximums of the ith

year and the i+1th year, respectively.

b) Method 2: harmonic algorithm

The annual cycle is predominantly characterized by harmonic

oscillations. Therefore, the harmonic parameters of the annual cycle

can be estimated to study modulations in seasonal variability on

interannual to decadal scales. Reconstructed KSTF is harmonically

analyzed in 2-year windows at monthly time steps (Formula 5). The 2-

year window is selected because it can maintain a better continuity of

results and show subtle changes in the annual cycle, while minimizing the
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interference of high-frequency changes (Hamlington et al., 2019). The

fitting step involves solving the least squares function to obtain the

optimal linear trend and annual harmonics (Chandanpurkar et al., 2021).

The value obtained from each fitting is assigned to the intermediate time.

fn = a + b · t + c � cos 2pwtð Þ + d � sin 2pwtð Þ (5)

where t, a and b are time, intercept, and linear slope respectively, c

and d represent the amplitude of annual harmonic cosine and sine

component respectively, andw represents frequency of annual period.

The seasonal amplitude A can be obtained by the formula below. The

time interval of seasonal amplitude time series by this method is one

month. The seasonal amplitude is defined as half of the difference

between peak and trough, which is half of that from Chandanpurkar

et al. (2021).

A =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 + d2ð Þ

q
(6)

Both methods show the intensity of seasonal variability, however,

Method 1 mainly shows the difference between winter and summer

and Method 2 shows the whole annual cycle. Therefore, the seasonal

amplitudes obtained using Method 1 are slightly larger than those

obtained using Method 2. In addition, the time resolution for the

results of Method 1 is one year, and it is one month for Method 2.

Method 1 accurately describes the interannual variation of seasonal

amplitude time series, while Method 2 has a potential role of

smoothing the seasonal amplitude time series.
4 Interannual to decadal modulations
in seasonal amplitude

4.1 The seasonal amplitudes of currents
and SST

Using the multiple linear regression model described in the Section

3.1, the 29-year ASV time series of each layer at four stations in the KS are

obtained from satellite remote sensing and field observation data. The

vertically-averaged ASV time series at four stations in the KS show a

dominant seasonal variation (Figure 3A). However, there are also

significant interannual modulations in the seasonal amplitudes.

Figures 3B and 3C show the seasonal amplitudes of vertically-averaged

ASV time series at four stations derived by the two methods given in the

Section 3.3. The results of winter and summer difference algorithm

(Method 1) are shown in Figure 3B. Meanwhile, Figure 3C shows the

seasonal amplitudes calculated by the harmonic algorithm (Method 2). It

can be seen that the fluctuations in the seasonal amplitudes of the

vertically-averaged ASVs at four stations are synchronized, with the

highly consistent modulation ranges. The trends in the seasonal

amplitudes of the velocities at different stations in the KS are

consistent. All of them reach their minimum during the periods of

1997-1999, 2010-2011, and 2017-2018, and reach their maximum during

1995-1996, 2002-2004, and 2014-2016. Compared with the results

obtained by Method 1, the seasonal amplitude time series from

Method 2 are smoother and have a higher time resolution, clearly

showing the interannual to decadal modulations.

By comparing the seasonal amplitudes calculated by the twomethods

(Figure 3 and Table 2), we note that the results obtained by different
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methods at same station are basically consistent in the means, ranges, and

trends. This confirms the validity of the two methods to calculate the

seasonal amplitude. The seasonal amplitude of the vertically-averaged

ASV at B4 is always the largest, followed by B2 and B3. The amplitude at

B1 is smallest, which is related to the stronger flow in the western strait.

When the western boundary current of the SCS flows southward into the

KS near the equator, it retains its characteristics of westward

strengthening. This may be caused by the inertance of flow, as the

westward intensification effect near the equator is always ignored (Fang

et al., 2005). In general, the seasonal amplitude based on Method 1 are

higher than that fromMethod 2, with an average value of 1.70 ± 0.45 cm

s-1 higher for each of the four stations. Whereas the ranges are basically

the same, with a difference of less than 0.80 cm s-1.

Given that the KSTF plays an important role in the heat budget of

the SCS and ITF heat transport (Qu et al., 2005; Tozuka et al., 2007;

Tozuka et al., 2009; Zeng and Wang, 2009; Fang et al., 2010; Gordon

et al., 2012), it is important to investigate SST variation in the KS

except for the current velocity. The monthly SST time series in the KS
Frontiers in Marine Science 05
(Figure 4A) is obtained by averaging the SST data at the four stations.

In contrast to the time series for current, the SST time series have not

only annual cycle, but also semi-annual cycle. However, we are still

able to use Method 1 and Method 2 to calculate the seasonal

amplitude. The seasonal amplitudes of SST (Figures 4B, C) and

current velocity are all not synchronized. When the seasonal

amplitude of velocity is at a maximum or minimum, there is no

corresponding change in SST. The seasonal amplitude of SST has a

more significant interannual signal than that of current. There are

decreasing trends of -0.08 ± 0.13 and -0.10 ± 0.02 °C decadal-1 in the

seasonal amplitudes obtained using Method 1 and Method 2.
4.2 The seasonal amplitudes of volume and
heat transports

In order to quantitatively evaluate modulations in the seasonal

amplitude of the KSTF, the KS volume transport is firstly calculated
B

C

A

FIGURE 3

(A) Time series of vertically-averaged ASVs at four stations. (B) The seasonal amplitudes of vertical average ASVs obtained by the winter-summer
difference algorithm (Method 1), (C) same as (B) but by the harmonic algorithm (Method 2).
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according to Formula 2 (Figure 5A). During 1993-2021, the annual

mean volume and heat transports through the KS are -0.76 ± 0.08 Sv

and -71.23 ± 7.42 TW (1 TW = 1012 W), respectively. These values are

similar to the annual average of -0.78 ± 0.12 Sv and -77.31 ± 4.99 TW

from 1993 to 2017 reported by Xu et al. (2021). This confirms that the

reconstructed monthly averaged time series of volume transport is

reliable. The interannual variation is obtained by removing the

seasonal variation from the monthly averaged time series of volume

transport using a 3-year low-pass filter (Figure 5B). During 1993-2004

and 2005-2017, there are rapid changes in the volume transport,

implying an enhancement and a decay in the southward total

transport with linear trends of -10.10 ± 3.20 and 6.29 ± 2.18 mSv

year-1 (1 mSv = 103 m3s-1), respectively.

Because the seasonal amplitude of volume transport can describe

the intensity of seasonal variability in the KSTF, we can use two

methods mentioned in Section 3.3 to extract seasonal amplitude from

the transport time series. As shown in Figure 6, the seasonal

amplitudes of the KS volume transport calculated using the two

methods result in long-term and linearly increasing trends of 28.27 ±

67.10 and 37.75 ± 15.69 mSv decade-1. This data suggests that from

1994 to 2020 the difference in transport between winter and summer

is gradually increasing. The water exchange between the SCS and the

JS through the KS is in an enhanced state, thus affecting the

hydrological characteristics of two areas, and also have an impact

on the water transport and seasonal variation of ITF (Tozuka et al.,

2007; Tozuka et al., 2009; Fang et al., 2010; Gordon et al., 2012; Li

et al., 2021). Moreover, it can be seen that the time series obtained by

the two methods are generally consistent with each other and show

similar interannual to decadal modulations that range between 1.36

and 1.92 Sv. The seasonal amplitudes obtained using the two methods

both reach the maximum during 1995-1996, 2003-2004, 2014-2015,

and minimum during 1998-1999, 2009-2010, 2016-2017. Due to the

low time resolution of Method 1 and the smoothing effect of Method

2, there are some other extreme points ignored in Figure 6A. The

average seasonal amplitudes obtained using the two methods

separately are 1.69 ± 0.14 and 1.60 ± 0.12 Sv, which are much

larger than the annual mean value of water transport through KS,

-0.76 ± 0.08 Sv. This indicates that seasonal variability and its

amplitude modulations play important roles in KSTF transport, and

it can reverse the KSTF in different season.

The time series of heat transport through the KS is calculated

using Formula 3. Next the time series of seasonal amplitude (Figure 7)

is extracted using Formula 5 (Method 2). It can be seen that the trend

in the seasonal amplitude of heat transport is almost consistent with

that of volume transport. This implies that the current variation plays
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a more important role than the temperature variation. The seasonal

amplitude of heat transport ranges between 126.41 and 173.36 TW,

with an average value of 148.89 ± 11.47 TW. Similar to the volume

transport, the seasonal amplitude of heat transport shows similar

periodic changes. The linear fitting results in a gradually increasing

trend with rising variability of 4.78 ± 1.52 TW decade-1. This

increasing trend in seasonal amplitude of heat transport represent

an enhancement in the heat exchange between the SCS and the JS,

which influences not only the heat content of the two seas, but also the

ITF heat transport.

In addition to linear trends, the seasonal amplitude time series of

volume and heat transports also show periodic fluctuations (Figures 6,

7). The results by power spectrum analysis are shown in Figure 8. It

can be seen that there are prominent interannual to decadal signals

with the typical periods of ~9 and ~13.5 years for the seasonal

amplitude time series of heat transport, and ~9 years for the

volume transport. which are all above the 95% confidence level.

According to the results obtained using the Method 2, the

correlation coefficient between the two transports seasonal

amplitude time series is up to 0.98 (above the 95% confidence level).
4.3 Contributions to the seasonal amplitude
of heat transport

The velocity and temperature of the KS sections can be

decomposed into seasonal cycles and anomalies ( V = �V + V 0, T =
�T + T 0). Therefore, the formula for heat transport can be written as

Formula 7 (Xu et al., 2021). The first three items on the right of the

formula represent the contributions of climatologic state, velocity

change, and temperature change, while the fourth term is a high-

order term. For convenience, the water density is set as 1024 kg m-3.

Figure 9 shows the seasonal amplitude time series of the four terms,

where velocity and temperature anomalies both contribute to the

interannual to decadal modulations in the seasonal amplitude of heat

transport, accounting for 6.25 and 0.88 TW, respectively. The primary

contribution to the amplitude modulations in seasonal heat transport

is the velocity anomaly, followed by temperature anomaly. The

velocity anomalies trigger an increasing trend of 2.11 ± 0.84 TW

decade-1 of the seasonal amplitude of heat transport from 1994 to

2020, and the temperature anomalies induce a decreasing trend of

-0.26 ± 0.12 TW decade-1 in the seasonal amplitude of heat transport.

FH = Cpr0
ðð

�T − T0ð Þ�V + �T − T0ð ÞV 0 + �VT 0 + V 0T 0� �
dxdz (7)
TABLE 2 The mean and range of seasonal amplitude of velocity (unit: cm s-1).

Station
Method 1 Method 2

Mean ± Std Range(Maximum - Minimum) Mean ± Std Range(Maximum - Minimum)

B1 26.32 ± 2.19 7.95 24.33 ± 1.86 8.20

B2 29.61 ± 2.21 8.48 28.17 ± 1.55 6.78

B3 28.49 ± 2.95 12.37 27.29 ± 2.64 12.79

B4 33.46 ± 2.62 11.28 31.31 ± 2.19 9.11
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B

A

FIGURE 5

(A) Monthly mean volume transport through the KS sections, and (B) the interannual variation obtained using a 3-year low-pass filter.
B

C

A

FIGURE 4

(A) Time series of monthly average SST data. (B) The seasonal amplitude of SST obtained by the winter-summer difference algorithm (Method 1),
(C) same as (B) but by the harmonic algorithm (Method 2).
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5 Potential influencing factors on
changes in the seasonal amplitude

5.1 Relationships with SSH and SSW

The KSTF is mainly forced by the local SSW field and along-

channel SSH gradient in the KS (Wang et al., 2019; Xu et al., 2021),

therefore, we can calculate the seasonal amplitudes of SSW and SSH

and analyze the relationship between them (Figure 10). The results

show that the fluctuations in the interannual modulations of the SSH

gradient, local meridional SSW, and volume transport are highly

consistent. Meanwhile the modulations in local zonal wind are

relatively independent. The average seasonal amplitudes of SSH

gradient, local meridional wind, and local zonal wind are 0.17 ±

0.01 m, 3.93 ± 0.45 m s-1, and 4.16 ± 0.40 m s-1, respectively. The

partial correlation coefficients of the SSH gradient, local meridional

and zonal winds with the volume transport seasonal amplitude are

0.72, 0.65 and 0.02, respectively. The first two correlations are

significant at the 95% confidence level, but the local zonal wind is

not. This indicates that interannual to decadal signals of seasonal
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amplitude also exist in the SSH gradient and local SSW field, and the

SSH gradient and meridional component of local SSW fields are the

main contributors to the volume transport seasonal amplitude. In

addition, during 1994-2020 there is a upward trend of 0.25 ± 0.06 m

s-1decade-1 in seasonal amplitude of local meridional wind, which is

above the 95% confidence level. The trends in seasonal amplitudes of

the SSH gradient and local zonal wind are -0.19 ± 0.17 cm decade-1

and 0.06 ± 0.05 m s-1decade-1 respectively, which are not significant.
FIGURE 7

The seasonal amplitude of the KS heat transport obtained by the
harmonic algorithm (Method 2). Black solid line indicates the
seasonal amplitude values, and black dotted line indicates the linear
fitting values.
FIGURE 8

Power spectrum of the seasonal amplitude time series of volume and
heat transports. The black solid line represents the result of volume
transport, and the black dotted line represents its 95% confidence
level; the blue solid line represents the result of heat transport, and the
blue dotted line represents its 95% confidence level.
B

A

FIGURE 6

The seasonal amplitude of the KS volume transport obtained (A) by the winter-summer difference algorithm (Method 1), (B) by the harmonic algorithm
(Method 2). Black solid line indicates the seasonal amplitude values, and black dotted line indicates the linear fitting values.
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5.2 Relationships with ENSO, IOD, and the
Pacific decadal oscillation

In previous studies on the annual mean variation of the KS, Gordon

et al. (2012) and Xu et al. (2021) pointed out that the interannual

variability of KSTF had an insignificant correlation with ENSO and IOD.

Other studies have suggested that the interannual variability of the KSTF

was modulated by ENSO and IOD (Du and Qu, 2010; He et al., 2015). In

this study, we explain the interannual to decadal modulations in the KS

from the perspective of seasonal amplitude and analyze correlations

between the KSTF and the ENSO, IOD, and Pacific Decadal Oscillation

(PDO). The Niño3.4 index, used to characterize the intensity of the

ENSO is downloaded from https://psl.noaa.gov/data/timeseries/monthly/

NINO34/. The strength of the IOD measured using the Dipole Mode

Index (DMI) defined by Saji and Yamagata, 2003, is downloaded from

https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/. The PDO index,

defined by Deser et al. (2016), is obtained from https://www.ncei.noaa.

gov/access/monitoring/pdo/. Figure 11 shows the seasonal amplitude

time series of volume transport and these climate indices. SinceMethod 2

(harmonic algorithm) has the function of moving average while

extracting the seasonal amplitude, these indices are processed with 24-

month running mean.
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From the Figure 11, it can be seen that the seasonal amplitude of

volume transport is consistent with the low-frequency variation of the

ENSO and the PDO, but different from the IOD. The cross-

correlations between the seasonal amplitude of volume transport

and climate indices are carried out to understand the lead and lag

time of the climate events. When the PDO, ENSO, and IOD events lag

behind the seasonal amplitude by 12, 10, and 3 months, the

correlation coefficients reach maximum values of 0.69, 0.58, and

-0.38 (above the 95% confidence level), respectively. Qin et al.

(2016) noted that the pressure difference between the West Pacific

and East Indian Ocean is closely correlated to the KS transport on the

decadal scale. The variability of the pressure difference is primarily

controlled by the variability of SSH in the East Indian Ocean, which

appears to be modulated by PDO.
5.3 Composite analysis results

Since the seasonal amplitudes of water transport has a good

correlation with the PDO, we use composite analysis to investigate the

differences in SSH and SSW of the adjacent seas during different

phases of the PDO. The warm PDO phases are identified as 1996,
B

C

D

A

FIGURE 9

The Seasonal amplitude time series of (A) climatologic state, (B) velocity anomaly, (C) temperature anomaly, and (D) higher-order terms in the formula of
heat transport. These seasonal amplitudes are extracted using the harmonic algorithm (Method 2). The time series in (B), (C), and (D) are smoothed by
13-month moving average before plotting.
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1997, 2003, 2004, 2014, and 2015, and the cold PDO phases are

identified as 1998, 1999, 2010, and 2011 (Figure 11). Figures 12A–C

show the composite analysis results of SSH and SSW field in winter, in

summer and their difference in warm PDO phases. Figures 12D–F

show the same information for cold PDO phases. The local

meridional wind and the difference in regional mean SSH between

the north and south areas of the KS (see Section 3.1) are calculated

during these two phases.

During winter of warm PDO phases (Figure 12A), the northerly

wind from the SCS reaches the KS with strong wind speed. The

meridional component of the wind reaches up to -4.41 m s-1 while the

along-channel SSH slope is about -27.89 cm. However, the SSW over

the SCS in winter of the cold PDO phases is more easterly compared
Frontiers in Marine Science 10
to that of the warm PDO phases (Figure 12D). This easterly SSW

induces a substantial decrease to -2.92 m s-1 in the meridional wind

over the KS, accompanying a decrease to -24.74 cm in the along-

channel SSH slope. In summer during warm and cold PDO phases

(Figures 12B, E), the southeast monsoon from the Indian Ocean

covers the KS after crossing the JS. However, the differences in local

meridional wind and SSH slope between that of two phases are only

0.04 m s-1 and 0.79 cm, respectively. Therefore, there are significant

differences of the local SSW and SSH slope between warm and cold

PDO phases in winter, but not in summer. Figures 12C, F show the

winter-summer differences of the SSW and SSH in warm and cold

PDO phases, respectively. The results indicate that the seasonal

amplitudes of the local SSW and SSH slope in KS are stronger in

warm PDO phases than that in cold PDO phases. As the ENSO

displays low-frequency variability that is similar with the PDO

(Newman et al., 2003; McGregor et al., 2010), the composite

analysis results are consistent during the ENSO and PDO phases.
6 Summary and discussion

The variability in the seasonal Karimata Strait (KS) transport is

often assumed to be time-invariant, however, it changes from one

year to the next and needs a modified characterization to account for

its variations. Therefore, it is necessary to investigate the amplitude

modulations in seasonal KS throughflow (KSTF).

In this study, we use two methods (the winter-summer difference

algorithm and harmonic algorithm) to calculate the seasonal amplitude

of the KSTF based on the reconstructed time series of transports from

1993 to 2021. The results calculated by these twomethods show the same

significant interannual to decadal modulations in the seasonal amplitude
B

A

FIGURE 10

(A) Seasonal amplitudes of local meridional (blue thick line) wind field, zonal (blue thin line) wind field and volume transport (black solid line) obtained by
harmonic algorithm (Method 2). (B) Seasonal amplitudes of SSH gradient (red solid line) and volume transport (black solid line) obtained using the
harmonic algorithm (Method 2).
FIGURE 11

Relationships between the seasonal amplitude of volume transport
and the ENSO, IOD, and PDO, where these indices have passed a 24-
month running mean. The seasonal amplitude of volume transport
obtained by the harmonic algorithm (Method 2) is the black solid line
which is detrended; PDO index is the red solid line; Niño3.4 index is
the red dashed line; DMI index is the red dot-dashed line.
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of the KSTF. In general, the modulations in the seasonal amplitude of

volume transport obtained by these two methods are consistent, both

ranging between 1.36 and 1.92 Sv. The average seasonal amplitudes of the

volume transport calculated using the two methods are 1.69 ± 0.14 and

1.60 ± 0.12 Sv, respectively, which are double the size of the annual mean

volume transport. Meanwhile, there are increasing trends in them with

rates of 28.27 ± 67.10 and 37.75 ± 15.69 mSv decade-1, respectively. If the

linear trend is still increasing in future, it implies that the KSTF would be

significantly strengthened in winter or summer. The average seasonal

amplitude of heat transport calculated by harmonic algorithm is 148.89 ±

11.47 TW, with an increasing trend of 4.78 ± 1.52 TW decade-1. The

seasonal amplitude of heat transport also exhibits significant

modulations, ranging between 126.41 and 173.36 TW. The seasonal

amplitudes of volume and heat transports both show a quasi-period of ~9

years, and the heat transport also has a significant quasi-period of ~13.5

years. The quasi-decadal signals are similar to a global mode with 10-12

years periodicities (Feliks et al., 2021). The overall increasing trends in the

seasonal amplitudes of volume and heat transports indicate that the water

exchange between the SCS and the JS is gradually strengthening, which

directly affects the variation range of the heat/salt content in the two seas

as well as the transports and seasonal variation of the ITF. The KSTF

seasonally influences the surface Makassar ITF (Wei et al., 2016; Jiang

et al., 2019), therefore, the interannual to decadal modulations in the

seasonal amplitude of the KSTF would result in the corresponding

variations in the seasonality of the surface ITF. In winter, the KSTF

not only contributes directly to the heat and freshwater transports of the

ITF, but also blocks the southwardMakassar ITF through the “freshwater

plug” effect (Gordon et al., 2012; Xu et al., 2021). In summer, the water
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from the JS flows into the southern SCS through the KS. Therefore, when

the KSTF transport is enhanced in winter, the seasonal variability of ITF

is uncertain by dual effect. When the KS transport increases in summer,

this may be accompanied by a strengthened southward surface flow in

the Makassar Strait, which enhances the seasonal ITF.

The partial correlation coefficients of the SSH gradient, local

meridional and zonal winds with the seasonal amplitude of the volume

transport are 0.72, 0.65 and 0.02, respectively. SSH gradient and local

meridional wind are significant above 95% confidence level. This

indicates that interannual to decadal signals in the seasonal amplitude

of the volume transport has a high correlation with that of the SSH

gradient and local meridional wind, but is independent on the local zonal

wind. The SSH gradient and meridional component of local SSW field

are the main contributors to the seasonal amplitude of the volume

transport. In addition, we note a significant increasing trend of 0.25 ±

0.06 m s-1decade-1 in seasonal amplitude of local meridional wind during

1994-2020, but the linear trends in the SSH gradient and local zonal wind

are not significant. Therefore, the local meridional wind plays an

important role in the strengthening of seasonal KSTF during 1994-2020.

PDO, ENSO and IOD lag behind the seasonal amplitude of volume

transport by 12, 10 and 3 months with the correlation coefficients up to

the maximum values of 0.69, 0.58 and -0.38. The KS transport is highly

positively correlated with the ENSO and PDO as they have the same

quasi-decadal modulations. However, there is no interannual signals of 2-

5 years in the seasonal amplitude like the ENSO. According to the results

of the composite analysis, in winter of the warm PDO phases, the

stronger monsoon wind from the SCS reaches the KS, resulting in a large

along-channel SSH slope, and intensifying the southward KSTF. In
B C

D E F

A

FIGURE 12

Composite analysis results of SSH and SSW field in winter (A) and summer (B) and the seasonal amplitude (C) in warm PDO phases. Composite analysis
results of SSH and SSW field in winter (D) and summer (E) and the seasonal amplitude (F) in cold PDO phases.
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summer of the warm PDO phases, the southeast trade wind comes from

the southeast Indian Ocean and the larger SSH slope induces a stronger

northward KSTF. The situations are opposite during the cold PDO

phases. Furthermore, the seasonality of the KS transport is significantly

modulated by the quasi-decadal variations of SSH and SSW, especially in

winter. Meanwhile, this quasi-decadal modulation would influence the

ITF transport through the dual effect.
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