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Abstract

The Indonesian Throughflow (ITF) plays important roles in global ocean circulation and climate systems. Previous
studies suggested the ITF interannual variability is driven by both the El Nifio-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD) events. The detailed processes of ENSO and/or IOD induced anomalies impacting on the
ITF, however, are still not clear. In this study, this issue is investigated through causal relation, statistical, and
dynamical analyses based on satellite observation. The results show that the driven mechanisms of ENSO on the ITF
include two aspects. Firstly, the ENSO related wind field anomalies driven anomalous cyclonic ocean circulation in the
western Pacific, and off equatorial upwelling Rossby waves propagating westward to arrive at the western boundary of
the Pacific, both tend to induce negative sea surface height anomalies (SSHA) in the western Pacific, favoring ITF
reduction since the develop of the El Nifio through the following year. Secondly, the ENSO events modulate equatorial
Indian Ocean zonal winds through Walker Circulation, which in turn trigger eastward propagating upwelling Kelvin
waves and westward propagating downwelling Rossby waves. The Rossby waves are reflected into downwelling
Kelvin waves, which then propagate eastward along the equator and the Sumatra-Java coast in the Indian Ocean. As a
result, the wave dynamics tend to generate negative (positive) SSHA in the eastern Indian Ocean, and thus enhance
(reduce) the ITF transport with time lag of 0—6 months (9-12 months), respectively. Under the IOD condition, the wave
dynamics also tend to enhance the ITF in the positive IOD year, and reduce the ITF in the following year.
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1 Introduction warmer and fresher waters from the western Pacific to the
eastern Indian Ocean via the Indonesian seas, is basically
The Indonesian Throughflow (ITF), which carries driven by the sea level gradient between the two oceans
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(Wyrtki, 1987). The ITF volume and heat transports are
estimated of approximately 10-15 Sv (1 Sv = 10° m3/s)
(Sprintall et al., 2009; Feng et al., 2018; Gordon et al.,
2019) and 0.24-1.15 PW (1 PW = 105 W) (Hirst and
Godfrey, 1993; Vranes et al., 2002; Tillinger and Gordon,
2010; Xie et al., 2019; Zhang et al., 2019). Thus, the ITF
is a vital component of the so called “Great Ocean Con-
veyor Belt” (Broecker, 1991; Gordon, 2001; Talley, 2013)
and plays important roles in the Indo-Pacific climate vari-
ability (Song et al., 2007; Zhou et al., 2008; Santoso et al.,
2011; Sprintall and Révelard, 2014; Kajtar et al., 2015;
Yuan et al., 2011, 2013).

One of the fundamental issues for ITF investigation
is to estimate its water transport. So far, the most compre-
hensive direct measurement of the ITF was during the In-
ternational Nusantara Stratification and Transport (IN-
STANT) program, when simultaneous mooring observa-
tions of current profile were carried out in the major in-
flow and outflow passages from the end of 2003 to early
2007 (Sprintall et al., 2004, 2009; Gordon et al., 2010).
The INSTANT gives a 3-year averaged inflow transport
of about 12.7 Sv through the Makassar Strait and the
Lifamatola Passage, and outflow transport of about 15 Sv
through the Lombok and Ombai straits, and the Timor
Passage (Sprintall et al., 2009; Gordon et al., 2010). In ad-
dition to the direct measurement of current profile, the re-
peated Expendable Bathythermograph (XBT) survey
along the IX1 section between Fremantle, Western Aus-
tralia, and Sunda Strait, Indonesia, provide monthly or bi-
monthly temperature of upper 800 m since 1983 (Meyers,
1996). The ITF volume transport can be estimated by the
geostrophic plus Ekman transport based on the XBT and
wind stress data (Meyers et al., 1995; Wijffels et al.,
2008). The estimates of 30-year (from January 1984 to
December 2013) averaged geostrophic transport across
the IX1 section are approximately 5 Sv and 8.6 Sv rela-
tive to a reference depth of 400 m and 700 m, respectively
(Liu et al., 2015).

The ocean is dominated by the first baroclinic mode
(Wunsch, 1997). This mode has the greatest influence on
the ITF and its variations can be well represented by sea
surface height (SSH) (Zhai and Hu, 2012). The ITF is
driven by the pressure head between the Pacific and Indi-
an Oceans (Wyrtki, 1987; Wunsch, 2010). Therefore, sev-
eral approaches have been made to derive ITF transport
proxy based on satellite altimetry SSH and/or gravimetry
Ocean Bottom Pressure (OBP) data (Potemra, 2005;
Sprintall and Révelard, 2014; Susanto and Song, 2015).
Additionally, deep learning approach based on SSH data
was used to predict the ITF transport, showing advantage
by reproducing approximately 90% of the total variance
of ITF transport (Xin et al., 2023).

The ITF exhibits multi-scale variations, which are
closely linked to various climate modes such as the Mad-
den-Julian Oscillation (MJO) (Napitu et al., 2019), mon-
soons (Sprintall et al., 2009), the Indian Ocean Dipole
(IOD) and the El Nifio-Southern Oscillation (ENSO)

(Wang et al., 2014; Sprintall and Révelard, 2014; Liu
et al., 2015; Pujiana et al., 2019), the Pacific Decadal Os-
cillation (PDO) (Li et al., 2018; Feng et al., 2018), as well
as the Interdecadal Pacific Oscillation (IPO) (Li et al.,
2020). Additionally, the South China Sea Throughflow
(SCSTF) also tend to modulate the ITF through the
“freshwater plug” and “salinity effect” (Fang et al., 2010;
Gordon et al., 2012; Hu and Sprintall, 2016, 2017; Xu
et al., 2021). Numerical experiments show that the SC-
STF and ITF are out of phase at interannual time scale
when they entering the Sulawesi Sea (Wei et al., 2016).
As the SCSTF carries fresher waters than the ITF, it
would modulate the vertical structure of the ITF (Li et al.,
2019; Jiang et al., 2019).

The ITF connects the low-latitude western boundary
of the Pacific Ocean and the equatorial and coastal cur-
rents system of the eastern Indian Ocean. Consequently, a
relationship between them is expected under the wind
driven and planetary wave dynamics over the Indo-Pacif-
ic basin. Based on the Simple Ocean Data Assimilation
(SODA) reanalysis product, we have shown a potential
link between the ITF in the Makassar Strait and the Pacif-
ic North Equatorial Current (NEC)-Kuroshio Current
(KC)-Mindanao Current (MC) (hereafter the NEC-KC-
MC system is referred to as NKM) responding to the EN-
SO (Zhao et al., 2015). The Indian and Pacific Oceanic
wave propagation plays an important role in modulating
ocean circulation in the entrance of the ITF (Hu et al.,
2019, 2022). However, the SODA products fail to repro-
duce the significant correlation between the ITF and the
IOD, attributing to model deficiency in simulating the
propagation of planetary waves in the equatorial Indian
Ocean (Xu et al., 2024).

In this study, the relationships of the ITF with the Pa-
cific and Indian Ocean circulations are revisited based on
satellite observed SSH and satellite derived near surface
velocities. Meanwhile, the Liang-Kleeman information
flow method is employed to give a quantified causality of
these relationships (Liang and Kleeman, 2005; Liang,
2008, 2014). The remainder of this paper is organized as
follows: Section 2 describes the data and methods. The in-
terannual variability of the ITF are shown in Section 3. Sec-
tion 4 analyzes the potential relationship between the ITF
and the Indo-Pacific Ocean. Section 5 gives a summary.

2 Data and methods

2.1 Data

The monthly SSH were obtained from Version 5.0 of
the daily gridded absolute dynamic topography products.
The products were created by the Segment Sol multi-
missions dALTimetrie, d’orbitographie et de localisation
précise/Data Unification and Altimeter Combination Sys-
tem (SSALTO/DUACS), and distributed by the Archiv-
ing, Validation, and Interpretation of Satellite Oceanogra-
phic (AVISO) data. The data is accessible for download at
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http://www.aviso.altimetry.fr/duacs/. Dataset is daily, with
a resolution of 0.25° x 0.25° and available from October
1992 to date (Ducet et al., 2000).

Monthly near-surface velocity data were provided by
the Ocean Surface Current Analyses Real-time (OSCAR)
Version 2.0, with a horizontal resolution of 0.25° x 0.25°.
The OSCAR sea surface velocity is derived from satellite
SSH, sea surface winds, and sea surface temperature
(SST) using geostrophy, Ekman, and thermal wind dy-
namics (Lagerloef et al., 1999; Bonjean and Lagerloef,
2002).

Monthly 10 m wind were obtained from ERAS high
resolution reanalysis archive, which is provided by the
European Centre for Medium-Range Weather Forecasts
(ECMWF). Horizontal resolution of dataset is 0.25° x
0.25° per grid. Wind stress is calculated by the bulk for-
mula of Large and Pond (1981).

SST were obtained from Version 2.1 of the Optimum
Interpolation Sea Surface Temperature (OISST V2.1),
which provided by the US National Oceanic and Atmo-
spheric Administration (NOAA). This daily gridded prod-
uct has a spatial resolution of 0.25° x 0.25° in longitude/
latitude, available from 1 September 1981 to present (Rey-
nolds et al., 2007; Banzon et al., 2016; Huang et al.,
2021). Monthly SST data were calculated by monthly av-
eraging of daily data.

The Nifo3.4 index was downloaded from https://psl.
noaa.gov/data/timeseries/monthly/NINO34/. The Dipole
Mode Index (DMI) defined by Saji et al. (1999) was ob-
tained from https:/psl.noaa.gov/gcos wgsp/Timeseries/
Data/dmi.had.long.data.

All of the analyzed data were monthly averaged and
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consistently from January 1993 to December 2020.
2.2 Methods

The NEC, KC, and MC are well identified by the
satellite derived sea surface currents (Fig. 1). The surface
transports of the NEC (Tygc), MC (Tyo), KC (Tk(), and
ITF (T;1¢) are calculated by integrating the normal veloci-
ty of the sea surface current across a defined section fol-
lowing previous investigations (Toole et al., 1988, 1990;
Qu et al., 1998; Kashino et al., 2009; Zhai et al., 2014).

n

Tsurface = Z viAl;, (1)
i=1
where subscript i represents the grid number along the
horizontal direction of the section, v; and Al; are the nor-
mal velocity at the center of the grid and the width of the
grid, respectively. In terms of ITF surface transport, the
horizontal velocities are projected to the along (y) and
across-section (x) axes of the IX1 section, which are ori-
ented 24.15° and —65.85° (positive values represent a
clockwise direction relative to north), respectively, to
yield along (v) and across-section (u) surface currents.
The latitude where the zonal velocity is 0 (Lat,_,)
along the IX1 section is selected to approximate the south-
ernmost boundary of the ITF. In this paper, we refer to the
method of Kim et al. (2004) to calculate the NEC Bifurca-
tion Latitude (NECBL), i.e., the latitude with an average
meridional velocity is 0 within two degrees of longitude
from the coast of the Philippines.
Information flow, which refers to the process of infor-
mation transfer between two entities in a dynamic system,

140° 150°E

130°

= ... 5o o
Flms L o £ 14

.......

1
=
SSHA/m

0.7

0.6

30°

Fig. 1.

Annual mean sea surface currents (vector) and sea surface height anomalies (SSHA, shaded) in the western

Pacific and eastern Indian Oceans. Sections for surface transport calculation are as follows: NEC: 8°~18°N, 130°E;
MC: 8°N, 126°-130°E; KC: 18°N, 122.25°-130.00°E; IX1: (26°S, 113.76°E) to (4.95°S, 104.32°E). NEC: North Equa-
torial Current; KC: Kuroshio Current; MC: Mindanao Current.
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is used to reveal the causality of the ITF interannual vari-
ability with the Pacific and Indian Oceans (Liang, 2014).
The potential dynamical causality between time series X;
and X,, can be quantitatively derived by calculating the
maximum likelihood estimation of the information flow,
namely, the unidirectional information transmission from
X5 to X (Tam):

C11C12C2,a1 —C%ch,dl

Trs1 =
Ct\Ca-CnCh,

(2)

where C;; is the sample covariance between X; and X;, and
Ciq; is the sample covariance between X; andthe se-
quence derived from X; usingthe Euler forward differ-
ence. Here, let i = 1 and j = 2. If the information flow
from X, to X; is zero, then X, has no influence on X;; oth-

erwise, X; is the cause of the phenomenon X,. Causality is
a sufficient condition for a correlation, identifying two
variables as causal to each other.

3 Interannual variability of the ITF

In this study, we use two indices to reveal the ITF
characteristic and variability, i.e., the Tjp across the IX1
section, and the southernmost boundary of the surface
ITF. As shown in Fig. 2a, the zonal velocity in the X1
section shows not only variation in velocity magnitudes,
but also in width of the westward flow. Since the north-
ern boundary of the ITF is distinguished from the South
Java Coastal Current with relatively smaller meridional
migration. Therefore, Lat,_; can be roughly considered as

0.3
100 02 7,
S g
01 £
o | 2
15 0 E
g
200 | 0.1 Té
-02
250 1 1 1 1 1 1 1 1 1 1 1 1 1 703
1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021
Year
8 10°S
b Twe  ===-=Lat
7t ”n \ ~, q411°S
g Tizes -
> -
7 ]
T 13°§ ~
E
=
14°S
15°S

3 . . . . . . . . . . . . .
1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Year

~ 2
= ¢ —— ITF —— NEC KC —— MC
>
2
=
<
=
=}
5
=
=}
2
=1
g
= " " " " " " " " " " " L "

1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Year
30
d Lat,, =----NECBL

> 20t
<
g .
g1
3
g 0°
=
= —1°

20

1993 1995 1997 1999 2001
Year

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Fig. 2.  Hovmoéller plot of zonal velocity () along the IX1 section (a); 7} and Lat,_; in the IX1 section (b); surface
transport anomalies of the Pacific NEC, MC, KC, and the ITF (c); NECBL anomalies (dashed line) and ITF southern-
most boundary latitude (Lat,_,) anomalies (solid line) (d). In a, dark solid line donotes u = 0 m/s. ITF: Indonesian
Throughflow; NEC: North Equatorial Current; KC: Kuroshio Current; MC: Mindanao Current; NECBL: NEC Bifurca-

tion Latitude.
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the width of the ITF. The Lat,_ is also associated with the
south boundary of the South Equatorial Current (SEC), of
which the ITF confluences into after flowing out of the
Indonesian seas (van Sebille et al., 2014; Gruenburg et al.,
2023). The annual mean T is (5.65 + 1.94) Sv/m, gener-
ally larger/smaller in boreal summer/winter; the Lat,_, mi-
grates approximately between 10.78°S and 14.26°S, with
climatological northmost/southmost latitudes of 12.55°S
and 12.28°S in September and May, respectively. The T
and Lat,_, tend to show out of phase, rather than in phase
relationships between each other, with correlation coeffi-
cient of —0.38, above the 95% significance level. We cal-
culate the information flow in Nat (the natural unit of
information) per unit of time, which is denoted as
Nat/month. Causality calculations give values of
9.3 x 1073 Nat/month and —6.4 x 1073 Nat/month, from
Tirp to Lat,_,, and from Lat,_, to 7}z both below the
90% significance level, suggesting that the causal rela-
tionship between the T\ and Lat,_, (Fig. 2b) is not sig-
nificant. The insignificant causal relationship may at-
tribute to that the 7} is more dominated by the wind field
over the Pacific Ocean, whereas Lat,_; is more dominated
by the wind field over the Indian Ocean.

It is known that the ITF is derived from the Pacific
NEC: the westward advected Pacific NEC bifurcated into
northward KC and southward MC at the western bound-
ary; the MC penetrating into the Sulawesi Sea, which in
turn flowing into the Indian Ocean passing by the Makas-
sar Strait and eastern Indonesian seas (Zhou et al., 2021;
Guo et al., 2019). Thus, we show the interannual anoma-
lies of the surface transport of the Pacific NEC, KC, MC,
and ITF, as well as the NECBL and Lat,_,, in Figs 2¢ and
d, and calculate the information flow among them. The
NEC transport anomalies are generally in phase with
those of MC, rather than with KC, in agreement with Zhai
et al. (2014). In comparison, the ITF transport does not
show obviously in phase or out of phase relationships with
the NKM transports. The information flow calculations
give values of —35.7 x 1073 Nat/month (from Ty to Tye),
—=5.2x 1073 (from Ty to T ), and —2.6 x 1073 Nat/month
(from Ty to Typp), above the 95% significance level, sug-
gesting causal relationship of transport between NEC and
MC/KC, and between MC and ITF, at interannual time
scale, respectively. In addition, there is significant causal
relationship of the interannual variations between the
NECBL and Lat,_,, with a value of —1.2 x 1073 Nat/month.
Furthermore, the information flows from Type, Ty
and Ty, to Lat,_,, are all significant, with values of
12.7 x 1073 Nat/month, 8.7 x 1073 Nat/month, and
6.6 x 1073 Nat/month, respectively, implying potential
modulation of NKM system on the ITF variability.

Figure 3 shows the lag correlations between the 774/
Lat,_, and the NKM system. The T}y is not significantly
correlated to the Typc with time lag of 0-24 months;
and the information flows from Typ- to Ty is
—0.5 x 1073 Nat/month. The lag correlation between Tirg
and T),- anomalies are significant above the 95% confi-
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=@ T anomaly lags Ty anomaly
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Fig. 3. Lag correlations of 7T}y anomalies with Ty
(black solid line), Ty (red solid line), Ty (blue solid
line), and NECBL anomalies (black dashed line) (a); lag
correlations of Lat,_, anomalies with Ty~ (black solid
line), Ty, (red solid line), Ty (blue solid line), and
NECBL anomalies (black dashed line) (b). Positive/nega-
tive months on the x-axes indicate 7} and Lat,_;, anoma-
lies lagging/leading the other anomalies; dashed horizon-
tal lines stand for the 95% significance level. NECBL:
NEC Bifurcation Latitude.

dence level with time lag of 7-21 months; and the infor-
mation flow from Ty to Ty is —2.6 x 1073 Nat/month,
above the 95% confidence level. The lag correlation be-
tween Tjpp and Ty anomalies are significant above the
95% confidence level from a leading time of 9 months to
a lagging time of 6 months; however, the information
flows from Ty to Ty is 3.4 x 1073 Nat/month, below the
95% confidence level. There are significant negative cor-
relations between the T} and NECBL anomalies lagging
by 15 months with value of —0.49, suggesting that north-
ward shift of NECBL generally followed by weakened
Tirp- The underlying mechanism can be explained by that
the NECBL is critical for the water partition of MC and
KC, i.e., northward NECBL favors enhanced MC, which
in turn results in weakened intrusion of MC waters into
the Sulawesi Sea (van Sebille et al., 2009; Qiu and Chen,
2010; Li et al., 2020). The lag correlations of Lat,_, with
Tuece and Ty are significantly maximum positive with
time lag of 12 months. The significant positive lag corre-
lations are also identified between the Lat,_, and the
NECBL anomalies when the former lags by 13 months.
The causality analysis shows significant information
flows both from the Ty, Ty, and NECBL to Lat,,_,, and
from Lat,_, to Tyge, Ty, and NECBL, suggesting under-
lying interactions between the Lat,_, and the NKM
system.

During the period of 19932020, the El Nifio/La Nifia
and positive/negative IOD (plOD/nlOD) events are
identified as follows: El Nifio (1994-1995, 1997-1998,
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2002-2003, 2009-2010, and 2015-2016), La Nifa (1995—
1996, 1998-1999, 1999-2000, 2007-2008, 20102011,
2011-2012), pIOD (1994, 1997, 2006, 2015, 2018, 2019),
nlOD (1996, 1999, 2006, 2016), El Nifio + pIOD (1994,
1997, 2015), and La Nifia + nIOD (1996, 1999) (Figs 4a
and b). Statistically, the lag correlations of 7}, anomalies
with Nifio3.4 indices are significantly negative with time
lag of 3-20 months, and peaking at 9 months lagging
(Fig. 4c). Additionally, there are also significant positive
correlations when 7T leading Nifio3.4 by 3-7 months
(Fig. 4c). The correlations between T anomalies and
DMI indices show significant positive coefficients from a
leading time of 6 months to a lag time of 5 months, peak-
ing at lag time of 0 month (Fig. 4c). The correlations of
Tirp anomalies with Nifio3.4 and DMI are generally in
agreement with previously investigations, which suggest

that weakened ITF tend to occur following El Nifio or
nlOD events. The mechanism is explained by that El
Nifio/nIOD events favor to induce shallowed/deepened
thermocline in the western equatorial Pacific/southeastern
tropical Indian Oceans, resulting in reduced pressure head
span over the Indonesian seas, thereby weakening the ITF;
otherwise, weakened ITF tends to driven less upper layer
water towards Indian Ocean, resulting in anomalous deep-
er thermocline depth in the equatorial Pacific to propa-
gate eastward as equatorial Kelvin waves, favoring to trig-
ger a La Nifia states (Liu et al., 2015; Yuan et al., 2013).
The lag correlation of Lat,_, anomalies with Nifio3.4 and
DMI shows similar distribution, with significantly nega-
tive correlations when leading by 0—15 months, whereas
significantly positive when lagging by 6—12 months (Fig.
4d). The lag correlation of Lat,_, may associate with the

Nifio3.4 index/C
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Fig. 4. Nifo3.4 index with red (blue) shadings indicating El Nifio (La Nifia) events (a); dipole mode index (DMI) with
red (blue) shadings indicating positive (negative) Indian Ocean Dipole events (b), and lag correlations of 7y (c) and
Lat,_, (d) anomalies with Niflo3.4 (blue line) and DMI (red line) indices. Positive months indicate that Indo-Pacific
Ocean climate indices lead ITF variability. Dashed lines stand for the 95% confidence level.
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wind fields in the Indian Ocean in response to the ENSO
cycle.

Figure 5a show the composite analysis of 7} anoma-
lies in different phases of ENSO and IOD. During the El
Nifio period, the 7} anomalies decreases from positive
value to about 0 Sv/m at the peak of El Nifio events, and
continue to decrease in the following year (Year + 1).
During the pIOD period, the T anomalies increases
from negative value to about 0 Sv/m at the peak of pIOD
events and continue to increase and reaches its positive
peak value of 0.19 Sv/m in April of Year + 1. During the
El Nifio + plOD co-occurred period, the positive Tjg
anomalies could persist for one more month and decrease
to about 0 Sv/m in January of Year +1. The evolutions of
T\ anomalies are generally opposite during the La Nifa
and La Nifa + nlOD co-occurred periods. Meanwhile, the
composed Lat,_, anomalies show the opposite evolutions
with those of T anomalies, which may attribute to that
the Lat,_, is dynamically linked to the wind field in the
Indian Ocean, and will be discussed below (Fig. 5b).

4 Causal relations between ITF and the Indo-
Pacific Ocean interannual variability

The absolute information flow from the SSHA in the
tropical Indo-Pacific Ocean to 7} anomalies shows EN-
SO-like evolution patterns (Figs 6a, c, e, g, and i). The
significant causal relations occur in the central equatorial
Pacific, and off equator in the eastern boundary of the Pa-
cific Ocean, with SSHA leading by 1 a (Fig. 6a). The ab-
solute information flow shows increased value with east-
ward/westward extension in the equatorial/off equatorial
Pacific Ocean, in accordance with the propagation of the
Pacific Kelvin/Rossby waves (Figs 6¢ and ¢). There are
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also enhancing causal relations between SSHA in the
southeastern tropical Indian Ocean and 7 from 9 months
to 3 months leading time, suggesting influences of the
IOD on the ITF transport (Figs 6c, e, and g). The distribu-
tion of significant causal relation in Fig. 6i is reminiscent
that of the correlation between SSHA and ITF transport
[see Fig. 2 in Sprintall and Révelard (2014)]. The signifi-
cant absolute information flow from zonal wind stress
anomalies (ZWSA) to T}y basically distribute in the south
and equatorial Pacific and east tropical Indian Oceans, as
well as the ITF local regions, with time lags of 12 months
to 0 month (Figs 6b, d, f, h, and j). These results consoli-
date previous investigations that suggest the ITF and its
variability are forced by large scale wind field over the
south Pacific, local monsoon wind field, and propagation
of equatorial wind driven Kelvin and Rossby waves in
the Indian and Pacific Oceans (e.g., Godfrey, 1989; Yuan
et al., 2011; Sprintall and Révelard, 2014; Susanto and
Song, 2015; Li et al., 2024).

Figure 7 shows the distribution of SSHA and wind
stress anomalies (WSA) regressed on to the Nifio3.4 in-
dices from a leading time of 3 months to a lagging time of
12 months. The negative SSHA in the western tropical Pa-
cific suggests anomalous cyclonic circulation (Figs 7a—d),
which favors strengthened NEC and norward shift of
NECBL (Qu and Lukas, 2003; Wang et al., 2022). The
northward shift of NECBL tends to be followed by weak-
ened ITF (Fig. 3). Additionally, during the develop phase
of El Nifio, there are westerlies over the central equatorial
Pacific, which force downwelling Kelvin waves and
upwelling Rossby waves, propagating eastward and
westward, respectively. While arriving at the western
boundary, the upwelling Rossby waves favored to shoal
the thermocline and thus decreased SSHA, tend to weak-
en the ITF in the following 9 months (Figs 7b—e). Mean-
while, there are southeasterly and upwelling anomalies
along the Java coast, favoring enhanced ITF in the follow-
ing 6 months (Figs 7a—d). At the time lag of 9—12 months,
positive SSHA occurred along the Java coast, because
of both locally northwesterly driven on shore Ekman
transport and propagation of downwelling Kelvin waves
(Figs 7d—).

Figure 8 shows the distribution of SSHA and WSA re-
gressed on to the DMI indices from a leading time of
3 months to a lagging time of 12 months. From —3 months
to 3 months, there are southeasterly and easterly anoma-
lies in the southeastern tropical and central equatorial In-
dian Ocean, which induce offshore Ekman transport and
upwelling Kelvin waves propagating eastward, both
favoring the development of positive IOD events
(Figs 8a—c). Consequently, there are negative SSHA along
the south Java coast and tend to enhance ITF. According
to Yuan and Liu (2009), two downwelling Kelvin waves
are generated from the western boundary reflection dur-
ing the positive IOD events. The first downwelling Kelvin
wave contributes to weaken the positive IOD events, evi-
denced by that there are no negative SSHA along the
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south Java coast, albeit there are southeasterly anomalies
favoring offshore Ekman transport (Fig. 8d). The second
downwelling Kelvin waves arrive at the south Java coast,
and induce positive SSHA at time lag of 9-12 months
(Figs 8e—).

The role of planetary wave dynamics can be evi-
denced by the Hovmoller diagram of sea surface wind and
SSHA in the Pacific and Indian Oceans (Fig. 9). In the
central equatorial Indian Ocean, there are interannual east-
erly (westerly) anomalies associated with El Nifio (La
Nifia) via the modulation of Walker Circulation, which in
turn induce upwelling (downwelling) Kelvin waves to
propagate eastward, and result in negative (positive)
SSHA along the south Java coast (Figs 9a—b), favoring in-
creased (decreased) ITF transport (Fig. 9c). Cyclonic (an-
ticyclonic) wind stress curl anomalies in the central Pacif-
ic may excite westward propagating upwelling (down-
welling) Rossby waves as revealed by the negative (posi-
tive) SSHA (Figs 9d and e), which eventually result in a
northward (southward) displacement of the NECBL along

the Philippine coast (Kim et al., 2004; Wang et al., 2014),
and subsequently decreased (increased) ITF transport. The
first mode Rossby waves propagate across the Pacific
would take 6-9 months, and the Kelvin waves propagate
from the central equatorial Indian Ocean to the south Java
coast would takes 15-30 d (Yuan et al., 2004; Xu et al.,
2016). Consequently, there combined influence on the ITF
transport is not synchronized.

In addition to the Kelvin waves derived from the cen-
tral Indian Ocean, the reflected Kelvin waves also impact
on the SSHA along the south Java coast at a longer time
lag (Yuan and Liu, 2009; Wang and Yuan, 2015). As
shown in Fig. 10, three negative SSHA events along
the south Java coast were selected (Fig. 10a). The com-
posite analysis shows negative SSHA in the central Indi-
an Ocean in Month —1 (Fig. 10b), and propagate eastward
in the following months, together with local wind driven
offshore Ekman transport, contributing to the negative
SSHA in the southeastern tropical Indian Ocean until
Month +4 (Figs 10c—g). In Month —1, off equatorial
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downwelling Rossby waves are also excited, which propa- reflected downwelling Kelvin waves propagate ecastward
gate westward and reflect into downwelling Kelvin waves  to arrive the eastern boundary of the Indian Ocean, con-
in Month +4 (Fig. 10g). In the following 3 months, the tributing to the positive SSHA in the south Java coast
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(Figs 10h—j). Therefore, in response to the anomalous
easterly over the central tropical Indian Ocean, the equato-
rial wave dynamics would contribute to negative SSHA
lagging by 1-4 months, whereas positive SSHA lagging
by 7 months.

5 Discussion and conclusions

In this study, we try to reveal the relationship of ITF
with the Pacific and Indian Ocean anomalies at the inter-
annual time scale based on satellite observations. Correla-
tion analysis implies that the ITF is significantly correlat-
ed to the MC and NECBL, with a lagging time of around
7-21 months. The relationship of ITF with the NKM sys-
tem is further consolidated by the calculation of absolute
information flow, which shows significant causal relation
between the NEC and MC/KC, between MC and ITF, and
between the NECBL and ITF, at interannual time scale.
ITF connects the low latitude western boundary current
system in the Pacific Ocean and the equatorial current sys-
tem in the Indian Ocean. Thus, its variability is driven by
both the Pacific and Indian Ocean anomalies. The interan-

nual variability of ITF is driven by the pressure head span
over the Indonesian seas (Wyrtki, 1987). This pressure
head is established by the SSH gradient between the west-
ern equatorial Pacific and southeastern tropical Indian
Oceans. Therefore, both the ENSO and IOD events are
supposed to modulate the ITF transport by inducing SSH
anomalies in the western equatorial Pacific and southeast-
ern tropical Indian Oceans (Yuan et al., 2011; Sprintall
and Révelard, 2014; Liu et al., 2015; Susanto and Song,
2015; Li et al., 2023).

As evidenced in Fig. 7, during the development and
mature phases, there are negative SSHA, implying anoma-
lous cyclonic circulation in the western tropical Pacific
(Zhai and Hu, 2013). Meanwhile, anomalous cyclonic
wind stress curl in the central Pacific excites upwelling
Rossby waves, propagating westward and taking around
6-9 months to arrive at the east Philippine coast, favoring
a northward displacement of the NECBL (White et al.,
1985; Qu and Lukas, 2003; Wang et al., 2022). Above
two processes tend to weaken the ITF transport during the
period of El Nifio develop phase throughout the following
one year, as corroborated by the significant causal rela-
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tions in Fig. 6.

ENSO could impact on the Indian Ocean through the
Walker Circulation (Annamalai et al., 2003; Gualdi et al.,
2003; Wang and Wang, 2014). El Nifio events are associ-
ated with weakened Walker Circulation span over the
Indo-Pacific Ocean. Consequently, there are -easterly
anomalies in the central equatorial Indian Ocean, exciting
upwelling Kelvin waves to propagate eastward along the
equator and the south Java coast (Fig. 9). Meanwhile,
there are anomalous southeasterly along the south Java
coast, driving offshore Ekman transport from —3 months
to 6 months refer to the El Nifio peak as 0 month (Fig. 7).
On the other hand, there were downwelling Rossby waves
off the equator of central Indian Ocean, which accompa-
nied with the upwelling Kelvin waves. The westward
propagating downwelling Rossby waves then arrived at
the west boundary, and reflected into downwelling Kelvin
waves to travel along the equator Indian Ocean and south
Java coast, contributing to positive SSHA in the south-
eastern tropical Indian Ocean with a time lag of around
9 months refer to the El Nifio peak (Figs 7 and 10). As a
result, the El Nifio induced Indian Ocean anomalies tend
to generate negative (positive) SSHA, and thus enhance
(reduce) the ITF transport with time lag of 0—6 months
(9—12 months), respectively. The overall schematic of the

ITF in response to the El Niflo condition is summarized in
Fig. 11.

Positive 10D events are associated with interannual
variability in the ITF. When positive IOD occurs, easterly
wind anomalies over the equatorial Indian Ocean excite
upwelling Kelvin waves to propagate eastward along the
equator and south coast of Java (Fig. 8), corresponding to
an increase in the ITF. Additionally, the downwelling
Rossby waves off equator reflect as downwelling Kelvin
waves, which, after 9 months, initiate positive SSHA in
the southeastern tropical Indian Ocean. The positive IOD
event drives more warm water from the Pacific to the In-
dian Ocean, causing the thermocline in the western equa-
torial Pacific to rise and exciting upwelling Kelvin waves,
which are conducive to ending El Nifio and initiating La
Nifa after one year. The IOD-induced wave dynamics in
the Indian Ocean are similar to those induced by ENSO.
Figure 12 summarizes a schematic of the overall response
of the ITF to the positive IOD conditions.
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Monitoring Service (CMEMS) (https://marine.copernicus.
eu/). The ERAS5 wind data are derived from European
Centre for Medium-Range Weather Forecasts (ECMWF)
data server, https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5. OSCAR product is available from
https://podaac.jpl.nasa.gov/dataset/OSCAR L4 OC IN-
TERIM _V2.0. OISST v2.1 data download from https://
www.ncei.noaa.gov/products/optimum-interpolation-sst#.
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