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Abstract: The Indonesian Throughflow (ITF) is significantly modulated by Indo-Pacific climate
forcing, especially the El Nifio-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD).
However, when ENSO and IOD occur concurrently, they tend to play different roles in the ITF volume
transport. By employing an improved Constructed Circulation Analogue (CCA) method, the relative
contributions of these climate events to the ITF inflow and outflow transport in the upper and lower
layers were quantified. The results indicate that during co-occurring El Nifio and positive IOD events,
ENSO is the dominant influence, with ratio values of 5.5:1 (3.5:1) in the upper layer and 1.7:1 (1.6:1) in
the lower layer of the inflow (outflow). Conversely, during co-occurring La Nifia and negative IOD
events, the IOD predominates, with ratio values of 1:6 (1:6.5) in the upper layer and 1:4 (1:3) in the
lower layer of the inflow (outflow). The mechanisms underlying these variations in the upper and
lower layers can be explained by the differences in sea level anomaly (SLA) and wave propagation,
respectively. This study provides a new insight into distinct roles of climate forcing on the ITF volume
transport during the simultaneous occurrence of multiple climate modes.

Keywords: Indonesian Throughflow (ITF); El Nifio-Southern Oscillation (ENSO); Indian Ocean
Dipole (IOD); Constructed Circulation Analogue (CCA); sea level anomaly (SLA); asymmetric response

1. Introduction

The Indonesian Throughflow (ITF) connects the Pacific and Indian Oceans and has
stable and strong flows, with an average volume transport of 15Sv (1 Sv = 10° m® s~ 1) [1-6].
Flowing through the Sulawesi Sea, the Maluku Sea, and the Halmahera Sea, the ITF
transports warmer and fresher water from the Pacific Ocean to the Indonesian Sea [7]. The
ITF plays a critical role in stimulating oceanic phenomena on multiple spatiotemporal scales
and influences the thermohaline properties and water mass structures of the surrounding
sea regions [4,8,9]. Then, the ITF drains into the Indian Ocean mainly via the Timor Strait,
the Ombai Strait, and the Lombok Strait.

At interannual timescales, the ITF volume transport is largely modulated by climate
drivers, such as the El Nifio-Southern Oscillation (ENSO) and the Indian Ocean Dipole
(IOD) [8-14]. Generally, during El Nifio (La Nifia) events, the sea level anomaly (SLA) in
the western Pacific Ocean falls (rises) due to the weakening (strengthening) of the Pacific
trade winds and Walker circulation [15-18]. During negative (positive) IOD events, there is
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a downward (upward) flow on the eastern sea surface in the tropical eastern Indian Ocean,
which is accompanied by a positive (negative) SLA in the sea area [19,20]. Thus, El Nifio
(La Nifa) and negative IOD (positive IOD) events lead to a weakening (strengthening) in
the ITF volume transport. In addition, the changes in sea surface temperature (SST) caused
by the ITF volume transport are fed back into the atmosphere via the Walker circulation,
which further influences global and local climate change [6,17,21].

However, climate drivers always appear concurrently, which complicates the goal of
obtaining further clarity on the relative contributions to the ITF volume transport [22-24].
For example, El Nifio (La Nifia) events often occur at the same time as positive IOD (negative
IOD) events. Many methods are used in determining the relative effects of different climate
drivers. By combining the regression method, Pujiana et al. [25] concluded that the ITF
in the upper layer of Makassar Strait decreased significantly from June to September
2016. By using the multiple regression method, Zhu and Wang [26] proposed the relative
contributions of ENSO and IOD to the changes in ITF on the outflow side. Although the
regression methods are commonly used to reveal the relative contributions, the relatively
simple operation cannot reveal the complex relationship between the nonlinear phenomena.
Nowadays, machine learning methods are receiving more and more attention. By using the
random forest (RF) model, Li et al. [27] studied the relationships between the changes in
the upper and lower layers of the ITF inflow and outflow and the ENSO and IOD climate
drivers. However, the effects are mainly dependent on the dataset size and the number of
computations. At present, the urgent problem in quantifying the relative contribution of
ENSO and IOD to the ITF during the coupling period is finding a method that can easily
realize and retain the complex effects of ENSO and IOD on the ITF.

In this study, an improved version of the Constructed Circulation Analogue (CCA)
analysis method including the identification of the characteristic patterns in the temporal
evolution of the circulation model results [28] was employed to distinguish the relative
contributions of the ENSO and IOD climate drivers to ITF changes during special coupling
events. The remainder of this paper is structured as follows: Section 2 introduces the
datasets and methods; Section 3 discusses the relations between the ITF transport and
climate events and decouples the relative contributions during concurrent ENSO and 10D
events; the last two sections present the discussion and conclusions, respectively.

2. Materials and Methods
2.1. Datasets

The mooring data from Makassar Strait were used to validate the four independent
reanalysis datasets, which were obtained from the International Nusantara Stratification
and Transport (INSTANT) program and the Monitoring the ITF (MITF) program. The
INSTANT project has two mooring stations [1,29] in the Labani Channel, which are the
2°51.9'S, 118°27.3'E station and the 2°51.5'S, 118°37.7'E station, respectively. The time
range of the INSTANT project was from January 2004 to November 2006. The MITF project
remained with the mooring station at 2°51.9’S, 118°27.3’E [21]. The time range used in this
study was November 2006 to August 2017. Note that there are no data from August 2011
to August 2013 due to equipment shipping problems.

The Copernicus Marine Environment Monitoring Service (CMEMS) monthly mean
global reanalysis data of GLOBAL_MULTIYEAR_PHY_001_030 were mainly used and
cover the period from 1993 to 2022. The resolution is 1/12° x 1/12° horizontal x 50 vertical
layers. The Hybrid Coordinate Ocean Model (HYCOM) has a resolution of 0.08° x 0.08°
horizontal x 40 vertical layers and is available covering 1993-2019. The years 1993-2012,
2013-2017, and 2018-2019 correspond to GLBu0.08/expt_19.0, GLBu0.08/expt_90.9, and
GLBv0.08/expt_93.0, respectively. The Simple Ocean Data Assimilation (SODA) 3.4.2 has a
resolution of 0.5° x 0.5° horizontal x 50 vertical layers and covers the period of 1993-2019.
The OGCM for Earth Simulator (OFES) reanalysis dataset has a resolution of 0.1° x 0.1°
horizontal x 54 vertical layers and is available covering 1993-2017.
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The Nifio 3.4 and Dipole Mode Indices (DMI) indices were selected to represent the
ENSO and IOD climate drivers, respectively. The definition of the Nifio 3.4 index is the
sea surface temperature (SST) anomalies, which average within 5°N-5°S, 170°W-120°W.
The DMl is defined as the anomalous SST gradient between the western equatorial Indian
Ocean (50°E-70°E, 10°S-10°N) and the southeastern equatorial Indian Ocean (90°E-110°E,
10°5-0°N). Moreover, satellite-based SLA data from the Copernicus Climate Data Store
were also used in this study.

To investigate the effects of ENSO and IOD events on the ITF, the first step was to obtain
the monthly ITF volume transport from multiple reanalysis datasets, for which four indepen-
dent reanalysis datasets were used: CMEMS, HYCOM, SODA, and OFES. Considering the
obvious differences in ITF changes above and below the thermocline, the inflow and outflow
were divided into the upper layer (0-300 m) and lower layer (300-760 m) [12,21,25-27].

2.2. Method

To quantify the coupling of ENSO and IOD drivers on the ITF volume transport
changes, a version of the CCA analysis method was used, which can fully retain the
complex nonlinear effects of ENSO and IOD on the ITE. The basic strategy is to estimate the
target circulation associated with the specific circulation condition, which is based on the
similar circulation structure in other years during the reference period [28]. At the same
time, some changes are necessary to make this idea applicable to this study. First, the target
circulation refers to the ITF volume transport changes when ENSO and IOD positive or
negative anomalies occur simultaneously. Second, the specific circulation condition refers
to the significantly changed ITF volume transport when the same type of ENSO or IOD
events have significant impacts while occurring alone. It is assumed that the changes in
the ITF volume transport when ENSO and IOD coupling are driven by the same types of
ENSO or IOD events. Therefore, the nonlinear and complex effects of ENSO and 10D on
the ITF volume transport are preserved in the selected special circulation structure. The
method is mainly divided into the following three steps:

The first step is the selection of sub-modes. This is achieved by combining the historical
events of ENSO and IOD that occurred in the years 1993-2022. There is a period in
which ENSO and IOD occurred individually. These are further divided into the following
categories: IOD-independent El Nifio, IOD-independent La Nifia, ENSO-independent
positive IOD, and ENSO-independent negative IOD events. During these periods, the
ITF inflow and outflow volume transport in the upper and lower layers are captured as
corresponding sub-modes.

The second step is the decoupling of the target ITF volume transport during the coupling
of the ENSO and IOD events. Multiple linear regression is used to quantify the contribution
of each sub-mode to the target. The ITF inflow and outflow transport in the upper and lower
layers in the sub-modes’ events are served as input for the CCA method. The sub-modes of
the same stage are intercepted and introduced into the regression equation as follows:

ITFtrunsport = alTFgnso + ﬁITFIOD + Res 1)
N N
«ITFeNso = Y, &I TFg; Nino|La Ninair® = ), 2)
i=1 i=1
M M
BITFop = Z ﬁjITFpositiveMegative IODj/:B = Z :B] (©)
= =

where ITFtransport stands for the target ITF volume transport during the coupling of the
ENSO and IOD. « and f are the partial regression coefficients caused by ENSO and IOD
events, respectively. Res is the residual term. aITFpnso and BITFjop are the composition
of ITF volume transport changes caused by ENSO and IOD events, respectively. a; is the
ith regression coefficient of the sub-mode of ENSO, 1 <i < N. B; is the jth regression
coefficient of the sub-mode of IOD, 1 < j < M.
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The third step is the regression equation test. Each sub-mode in the regression equation
should be checked for significance. All regression coefficients are subject to the 95%
significance test. If they pass the significance test, the sub-mode is chosen; otherwise,
the sub-mode is abandoned, and the regression equation is reconstructed. Then, the
contributions of ITF transport in the concurrent events are recognized.

3. Results
3.1. Reanalysis Datasets Validation of ITF Volume Transport

In previous studies, all four of the independent reanalysis datasets had been widely
validated [12,26,27], which indicated that they had relatively good performances in simulating
the ITF volume transport. In this study, results are briefly given. Data on the monthly ITF
volume transport in the upper and lower layers, compared with the mooring data in the
Makassar strait, are shown in Figure 1. It can be observed that all four of the reanalysis
datasets show consistent phases within the observation; the ITF volume transport is strongest
in boreal summer and weakest in boreal winter. In the upper layer (Figure 1b), OFES shows
great performance, while CMEMS, HYCOM, and SODA have a larger ITF volume transport.
In the lower layer (Figure 1c), CMEMS and SODA show good performances in modeling the
ITE. HYCOM (OFES) shows the largest (smallest) ITF volume transport.

(b) Upper layer(0-300m)

2000 -20 . ) . A . i
2004 2006 2008 2010 2012 2014 2016
Mooring ~ =———CMEMS  ———HYCOM  ===SODA  =——— OFES
(c) Lower layer(300-760m)

3000

'S
g
Transport

=
8

12 L L L L L L
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Figure 1. (a) The topography of the Indonesian sea and the main flow system of the ITE. The
pathways of the ITF are shown by magenta solid lines with arrows. The red cross indicates the
mooring station in the Makassar Strait. The red and brown solid lines indicate the inflow and outflow
channels, respectively. Comparisons of the monthly ITF volume transport in the Makassar strait
between the mooring and independent reanalysis datasets in the (b) upper (0-300 m) and (c) lower
layers (300-760 m). The black, magenta, green, blue, and red lines indicate the ITF volume transport
calculated from CMEMS, HYCOM, SODA, OFES, and mooring in the Labani channel of the Makassar
strait [21]. The unit of volume transport is Sv (1 Sv = 106 m3s71). Negative values in the ITF inflow
and outflow mean southward or westward volume transport (enhanced ITF). The reanalysis datasets
were calculated from the section 117°E-119°E, 2.5°S, which is an approximate position at the same
latitude as the Makassar Strait mooring position.

The quantitative comparative results are shown in Table 1. It can be found that
the correlation coefficients and root mean square error (RMSE) of the four independent
reanalysis datasets with the Makassar strait mooring are all larger than 0.75 in the upper
layer. Among them, CMEMS and OFES have the largest correlation and the smallest RMSE,
which are 0.87 and 1.79 Sv, respectively. The smaller RMSE between OFES and mooring
may be caused by the smaller ITF velocity simulated by OFES than other reanalysis datasets
and the single or two mooring data points which cannot reflect the overall ITF volume
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transport. In the lower layer, the HYCOM and SODA show weaker correlations of 0.39 and
0.55. However, the correlation coefficient of the ensemble mean is 0.72. Thus, the simulation
biases of the four independent reanalysis datasets can be greatly offset by the ensemble
means [30], which are further utilized in decoupling the relative contributions of ENSO and
IOD to the ITF volume transport. In addition, the use of the ensemble mean helps to make
the results more reliable and does not rely on one type of reanalysis dataset [12,26,27].

Table 1. The correlation coefficients (R) and root mean square error (RMSE) of the four independent
reanalysis datasets with the Makassar strait mooring.

CMEMS HYCOM SODA OFES Ensemble Mean

0-300 m 0.87 0.81 0.85 0.79 0.87
300-760 m 0.72 0.39 0.55 0.71 0.72
0-300 m 3.39 7.79 4.93 1.79 4.25
RMSE
300-760 m 1.61 3.15 2.99 4.04 1.81

Note. The correlation coefficients shown in the table pass the 95% level of significance.

3.2. Definition Sub-Modes of Climate Events

To reveal the different impacts of climate drivers on the entrances and exits, the
ITF is divided into two parts: the inflow channels are defined as the Sulawesi Sea (125°E,
1°N-6°N), Maluku Sea (125°E-127.5°E, 0.5°N), and Halmahera Sea (128°E-131°E, 0.5°S) [12];
the outflow channels are defined as the Timor Strait (127.35°E, 8.71°5-10.02°S), the Ombai
Strait (125.08°E, 8.33°5-8.83°S), and the Lombok Strait (115.5-116°E, 8.65°S) [27] (Figure 1a).

The complex structures of the flow field in the Sulawesi, Maluku, and Halmahera
Seas bring uncertainty to the inflow [2,14,27], which shows a larger variability than the
outflow in the upper layer (Figure 2a). The standard deviations are 5.55 Sv and 3.13 Sv
in the inflow and outflow channels, respectively. In the lower layer, the ITF inflow and
outflow have comparable ranges (Figure 2b), and their standard deviations are 1.50 Sv and
1.12 Sy, respectively.

Table 2 presents the different types of ENSO and IOD events from Figure 2¢,d. In
some years, such as 2002-2003, 2004-2005, and 2009-2010, ENSO events occurred with
no significant IOD events. IOD events can also occur independently of ENSO events,
as they did in 1996-1997, 20052006, 2012-2013, and 2017-2018, which are related to the
internal dynamics in the Indian Ocean [31,32]. The average ITF volume transport during
independent ENSO and IOD events are regarded as the corresponding sub-modes, which
are utilized to decouple the relative contributions of concurrent ENSO and IOD events.
There are two types of concurrent climate events: El Nifio co-occurring with positive
IOD, and La Nifia co-occurring with negative IOD. The concurrent ENSO and IOD events
from 1993 to 2022 are selected according to whether the ENSO (Nifio 3.4 > 0.75 STD and
lasting more than 6 months) and IOD (DMI > 0.5 STD and lasting more than 5 months)
events occurred together. Note that the La Nifia co-occurring with negative IOD event in
2016-2017 is also selected [25].

Table 2. Sub-modes and targets of ENSO and IOD events during the period 1993-2022.

Event Year
I0D-independent El Nifio 2002-2003, 2004-2005, 2009-2010
IOD-independent La Nifia 1995-1996, 1999-2000, 2008-2009, 2020-2021
ENSO-independent Positive IOD 2012-2013, 2017-2018
ENSO-independent Negative IOD 1996-1997, 2005-2006

El Nifio co-occurring with Positive IOD  1994-1995, 1997-1998, 2006-2007, 2015-2016, 2018-2019
La Nifia co-occurring with Negative IOD ~ 1998-1999, 2010-2011, 2016-2017, 20212022
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Figure 2. Monthly time series of average ITF volume transport anomaly in the (a) upper layer
(0-300 m) and (b) lower layer (300-760 m) of the four independent reanalysis datasets, (c) Nifio 3.4
and (d) DMI indices, and (e) average SLA in the northwest tropical Pacific (NWP, 6°N-16°N,
125°E-155°E), the southeast Indian Ocean (SEI, 6°S-16°S, 85°E-115°E), and the difference between
NWP and SEI The blue and orange solid lines in (a,b) are inflow and outflow, respectively. The unit
of volume transport is Sv (1 Sv = 10° m® s~1). Negative values in the ITF inflow and outflow mean
southward or westward volume transport (enhanced ITF). The orange and blue bars in (c,d) indicate
absolute values greater than one standard deviation (STD) of the Nifio 3.4 index and half of the STD
of the DMI index, respectively. The blue, orange, and black solid lines in (e) represent the average
SLA for NWP, the average SLA for SEI, and the difference in the average SLA between NWP and SEI,
respectively. All the data are smoothed with a 3-month running mean.

3.3. Contributions of Independent Climate Events to the ITF Transport

After identifying the sub-modes of the ENSO and IOD events, the related ITF volume
transport was further clarified.

3.3.1. Independent ENSO Events

In cases of the IOD-independent ENSO events (Figure 3a), the SLAs on the Pacific
Ocean side are lower than in an average year (Figure 2e), weakening the ITF transport in the
upper layer [2]. The change—a significant decrease—in ITF can be found from September
to January in the following year (Figure 3c). Additionally, El Nifio reflects a 0—2-month
lag in the ITF upper layer transport, with correlation coefficients of 0.82 and 0.66 in the
inflow and outflow, respectively (Figure S1 in the Supplementary Materials). The results
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indicate that the ITF inflow tends to be more affected by ENSO than the ITF outflow. When
IOD-independent La Nifia events happen (Figure 3b), the changes in ITF in the upper layer
are reversed. Influenced by the positive SLA in the Pacific Ocean, the upper layer of the ITF
increased significantly from January to September of the following year. It can also be seen
that the ITF inflow has a larger increasing amplitude than the ITF outflow (Figure 3d,f).
Meanwhile, La Nifia has a lag of 67 months, with correlation coefficients of 0.77 and 0.68
in the inflow and outflow, respectively (Figure S2 in the Supplementary Materials).
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Figure 3. Changes in (a,b) Nifio 3.4 index and ITF volume transport anomaly in the (c¢,d) inflow
(0-300 m), (e,f) outflow (0-300 m), (g,h) inflow (300-760 m), and (i,j) outflow (300-760 m) during IOD-
independent El Nifio and La Nifia events. The red, blue, and magenta solid lines in (a,c,e,g,i) indicate
the changes during 2002-2003, 2004-2005, and 2009-2010, respectively. The red, blue, magenta, and
green solid lines in (b,d,fh,j) indicate the changes during 1995-1996, 1999-2000, 2008-2009, and
2020-2021, respectively. The blue dotted lines in (a,b) indicate absolute values greater than one STD
of the Nifio 3.4 index. The black solid lines in (c—j) indicate the average of ITF volume transport
during the IOD-independent El Nifio and La Nifia events. The horizontal coordinate represents two
consecutive months, where (0) represents the first year and (+1) represents the second year. J, A, ],
and O indicate January, April, July, and October, respectively.

The opposite performances of the lower and upper layers are suggested to be mod-
ulated by Rossby wave propagation [13]. For El Nifio, the westward-propagating wave
leads to a rise in the depth of the thermocline, thereby increasing the potential height on
the inflow side and facilitating a decrease in the ITF volume transport. In this way, the ITF
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shows an increasing trend from October to February in the following year in the inflow
and outflow (Figure 3g,i). The opposite is true for La Nifia. During these periods, the ITF
shows a decreasing trend in the lower layer (Figure 3h,j). Note that La Nifia has a lag of
6 months with the ITF outflow; the correlation coefficient is —0.67.

3.3.2. Independent IOD Events

In cases of ENSO-independent IOD events, in the upper layer, the ITF volume transport
is controlled by the interoceanic pressure gradient; meanwhile, in the lower layer, the ITF
volume transport is dominated by eastward Kelvin wave propagation. During ENSO-
independent positive IOD events (Figure 4a), the equatorial eastward anomaly drives the
propagation of the upwelling Kelvin wave in an eastward direction, causing the descent
of the upper SLAs and the uplift of the thermocline on the Indian Ocean side [20,26].
This results in a further increase and decrease in the ITF upper (Figure 4c,e) and lower
(Figure 4g,i) volume transport. In the upper layer, the ITF’s responses to positive IOD
events tend to occur in a timely manner. There are no lags between positive IOD events
and the ITF (Figure S3 in the Supplementary Materials). In the lower layer, the ITF volume
transport has a lead time of 0-1 and 3—4 months with positive IOD events in the outflow
and inflow, respectively.
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Figure 4. This figure represents the same principles as Figure 3, except that the changes represented
are those occurring during ENSO-independent IOD events. The blue dotted lines in (a,b) represent
absolute values greater than half of the STD of the DMI index. The red and blue solid lines in (a,c,e,g,i)
represent the changes that occurred during positive IOD (pIOD) events in 2012-2013 and 2017-2018,
respectively. The red and blue solid lines in (b,d,f,h,j) represent the changes that occurred during
negative IOD (nIOD) events in 1996-1997 and 2005-2006, respectively.
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The opposite is true for negative IOD events [25]. Regarding these events (Figure 4b),
the event in 1996 was stronger than that in 2005. The ITF upper (Figure 4d,f) and lower lay-
ers (Figure 4h,j) have opposite changes from September to April in the following year, which
decreased and increased, respectively. The ITF’s outflow showed an earlier response than
the inflow. In the upper (lower) layer, the negative IOD has lags of 4 (5) and 3 (3) months
with the ITF’s inflow and outflow, respectively (Figure 54 in the Supplementary Materials).

3.4. Decoupling the Relative Contributions during Concurrent ENSO and IOD Events

After separating the respective roles of the ENSO and IOD events on the ITF volume
transport, the relative contributions are explored in this section for occasions when they
happen concurrently.

3.4.1. Co-Occurring El Nifio and Positive IOD Events

First, the contribution of El Nifio and positive IOD coupling to ITF volume transport
was decoupled and quantified using the CCA analysis method (Table 3).

Table 3. Relative contributions of ENSO and IOD and the rate between them when El Nifio and
positive IOD events co-occurred in different years, assessed using CCA analysis.

Years Channels Layers ENSO (El Nifio)  IOD (Positive IOD) Rate
0-300 m 0.42 —0.16 2.6:1
Inflow
300-760 m 1.17 —0.50 2.3:1
1994-1995
0-300 m 0.58 0.16 3.6:1
Outflow
300-760 m 1.22 —0.86 1.4:1
0-300 m 0.12 —0.01 12:1
Inflow
300-760 m 1.42 —0.85 1.7:1
1997-1998
0-300 m 0.51 0.27 1.9:1
Outflow
300-760 m 0.25 —-0.23 1.1:1
0-300 m 1.03 0.42 2.4:1
Inflow
300-760 m 041 0.31 1.3:1
2006-2007
0-300 m 0.60 0.34 1.8:1
Outflow
300-760 m 1.36 -0.71 1.9:1
0-300 m 0.90 0.11 8.2:1
Inflow
300-760 m 0.61 —0.38 1.6:1
2015-2016
0-300 m 1.24 —-0.22 5.6:1
Outflow
300-760 m 0.72 —0.31 2.3:1
0-300 m 0.78 0.24 3.3:1
Inflow
300-760 m 0.58 0.33 1.8:1
2018-2019
0-300 m 0.90 0.19 4.7:1
Outflow
300-760 m 0.78 0.56 1.4:1
0-300 m - - 5.5:1
Inflow
300-760 m - - 1.7:1
Avg
0-300 m - - 3.5:1
Outflow
300-760 m - - 1.6:1

Note. The regression coefficients shown here pass the 95% level of significance.

Compared to IOD, the influence of ENSO on the changes in ITF volume transport was
strongest during 1997-1998. The contribution ratio of ENSO and IOD to the upper layer of
the ITF inflow reaches 12:1 (Table 3), which indicates that strong El Nifio events dominated
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the changes in the ITF during this period (Figure 5¢,d). Similarly, ENSO also made greater
contributions to ITF volume transport in 1994-1995 (Figure 5a,b), 2006-2007 (Figure 5e,f),
2015-2016 (Figure 5g,h), and 2018-2019 (Figure 5i,j).
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Figure 5. Changes in the ITF upper layer (0-300 m) volume transport anomaly, Nifio 3.4 and DMI
indices during (a) 1994-1995 El Nifo and positive IOD events co-occurring event. (c,e,g,i) Same
as (a) but during 1997-1998, 2006-2007, 2015-2016, and 2018-2019, respectively. (b,d,f,h,j) Same as
(a,c,e,gi) but for the ITF lower layer (300-760 m).

Generally, the contribution ratios of ENSO and 10D to the upper layer of the ITF
inflow and outflow volume transport are 5.5:1 and 3.5:1, respectively. The ratios of the
contributions of ENSO and IOD to the lower layer of the ITF inflow and outflow volume
transport change to 1.7:1 and 1.6:1, respectively. In these years, ENSO plays a dominant
role. Compared with the outflow, ENSO makes greater contributions to the upper layer
of the ITF volume transport in the inflow side, this is also evidenced in the research of
Zhu and Wang [26]. When El Nifio and positive IOD events co-occur, positive IOD events
usually peak in boreal autumn, while the corresponding El Nifio events undergo a strong
development period, peaking in boreal winter (Figure 5). At the same time, the ITF volume
transport often shows the weakening and strengthening change in the upper and lower
layers, respectively.



Remote Sens. 2024, 16, 3395

11 of 17

3.4.2. Co-Occurring La Nifia and Negative IOD Events

Compared with the co-occurring positive anomalies of the ENSO and IOD events, an
opposite outcome is found during the co-occurrence of La Nifia and negative IOD events
(Table 4). When La Nifia and negative IOD events co-occur, all the climate events develop
in the boreal summer; meanwhile, La Nifia events peak in boreal autumn (2010-2011 and
2016-2017) and boreal winter (1998-1999 and 2021-2022), and negative IOD events usually
peak in boreal autumn (Figure 6). Consequently, the ITF volume transport decreases and
increases in the upper and lower layers, respectively.

All four of the independent co-occurring La Nifia and negative IOD events show that
the negative IOD plays a greater role in the change in ITF volume transport. The ratios of
the contributions of ENSO and IOD to the ITF inflow and outflow upper layer transport
are 1:6 and 1:6.5, respectively. In the lower layer, the ITF inflow and outflow show that the
ratios of the contributions of ENSO and IOD change to 1:4 and 1:3, respectively. It can be
found that the IOD has a greater influence on the ITF outflow than it has on the ITF inflow.

Among these influences, a strong negative IOD event coincided with a weaker La
Nifia event in 2016-2017. Pujiana et al. [25] suggested that the sharp decrease in the ITF
upper layer of the Makassar Strait is mostly influenced by the negative IOD event in 2016.
In the upper layer, the ratio of the contributions of ENSO and IOD to the ITF inflow and
outflow are 1:8.8 and 1:8.3 (Table 4), respectively.

Table 4. Relative contributions of ENSO and IOD and the rate between them when La Nifia and
negative IOD events co-occurred in different years, assessed using CCA analysis.

Years Channels Layers ENSO (La Nifia) IOD (Negative IOD) Rate
0-300 m —0.18 1.02 1:5.6
Inflow
300-760 m —1.74 5.13 1:2.9
1998-1999
0-300 m 0.10 0.82 1:8.2
Outflow
300-760 m —0.62 1.52 1:25
0-300 m 0.28 1.27 1:4.5
Inflow
300-760 m 0.23 1.17 1:5
2010-2011
0-300 m —0.57 2.40 1:4.2
Outflow
300-760 m —0.29 1.17 1:4
0-300 m —0.30 2.63 1:8.8
Inflow
300-760 m 0.38 2.28 1:6
2016-2017
0-300 m 0.09 1.74 1:8.3
Outflow
300-760 m 0.36 1.07 1:3
0-300 m 0.12 0.64 1:5.3
Inflow
300-760 m —0.48 1.63 1:3.4
2021-2022
0-300 m 0.33 1.70 1:5.2
Outflow
300-760 m 0.68 2.44 1:3.6
0-300 m - - 1:6
Inflow
300-760 m - - 1:4
Avg
0-300 m - - 1:6.5
Outflow
300-760 m - - 1:3

Note. The regression coefficients shown pass the 95% level of significance.
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Figure 6. Changes in ITF upper layer (0-300 m) volume transport anomaly, Nifio 3.4 and DMI indices
during (a) 1998-1999 La Nifia and Negative IOD co-occurring event. (c,e,g) Same as (a) but during
2010-2011, 2016-2017, and 2021-2022, respectively. (b,d,f,h) Same as (a,c,e,g) but for the ITF lower
layer (300760 m).

4. Discussion

The CCA results show that in all the years of El Nifio and positive IOD co-occurring
events, ENSO dominates. In the upper layer, this can be explained by the pressure gradient
between the Pacific and Indian Oceans. During the IOD-independent El Nifio events
(Figure 7a), the difference in the SLA between the NWP and SEI is —0.11 m, indicating a
decrease in ITF transport in the upper layer. Meanwhile, the westward propagating Rossby
wave increases the ITF lower layer transport by lifting the depth of the thermocline [13],
which further enhances the lower pressure gradient between the Pacific and Indian Oceans.
For the ENSO-independent positive IOD event shown in Figure 7b, both the NWP and
SEI show a positive SLA, and the difference in the SLA is 0.08 m; this is conducive to the
formation of an enhanced trend in the upper layer. In the lower layer, the weakening of
the ITF transport is closely related to the eastward propagation of the upwelling Kelvin
wave [20], which decreases the lower pressure gradients between the Pacific and Indian
Oceans by inducing a lift in the depth of the thermocline on the Indian Ocean side.

Specifically, the similar differences in the SLA between the Pacific Ocean and the Indian
Ocean during the IOD-independent ENSO events can be found in 1994-1995 (Figure 7c),
1997-1998 (Figure 7d), 20152016 (Figure 7f), and 2018-2019 (Figure 7g). The corresponding
differences in the SLA between the NWP and SEI are —0.04 m, —0.16 m, —0.23 m, and
—0.14 m, respectively. Note that the SLA of NWP reached a minimum (—0.20 m) in
1997-1998, and this may be the main reason that explains why it has a maximum ratio
of contributions of ENSO and IOD (12:1) in the upper layer of the ITF inflow. Note that
the calculated ratio values might considerably be affected by estimation errors. When one
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of two compared values is close to zero, the ratio might give misleading characterization
much more easily than in other cases. Compared to IOD, the strong dominant role of ENSO
in 1997-1998 corresponds to that during 1993-2000 in the study of Li et al. (2023) [27].
Note that in 20062007, the difference in SLA between the NWP and SEI is —0.01 m, which
is relatively lower than in the other events (2.4:1). The difference between this part and
Li et al. (2023) [27] mainly comes from the fact that the method used in this study targets a
certain period rather than the whole period.
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Figure 7. The distribution of the SLA spatial field during ENSO and IOD positive anomaly events.
Sub-modes of (a) IOD-independent El Nifio and (b) ENSO-independent positive IOD events. The
co-occurrences of El Nifio and positive IOD events during (c) 1994-1995, (d) 1997-1998, (e) 2006-2007,
(f) 2015-2016, and (g) 2018-2019. The unit of SLA is m. The solid gray lines indicate the contour line
with an SLA value of 0. The red and green box areas represent the NWP and SEI regions, respectively.
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During La Nifia and negative IOD coupling events, IOD shows a greater influence
on the outflow. This mechanism can also be explained by the SLA differences between
NWP and SEI For the independent ENSO and IOD negative anomaly events, the SLA
differences between the NWP and SEI are 0.04 and —0.02, respectively (Figure 8a,b). When
La Nina and negative IOD events occur concurrently, the differences in SLA between the
NWP and SEI are 0.07 m, 0.05 m, —0.03 m, and —0.02 m in 1998-1999 (Figure 8c), 2010-2011
(Figure 8d), 2016-2017 (Figure 8e), and 2021-2022 (Figure 8f), respectively. This difference
is reflected in the changes in the strength of La Nifa and negative IOD events. Even though
the two typical SLAs representing the Pacific and Indian Ocean regions differ, the changes
in ITF volume transport over the corresponding periods reflect a closer alignment with the
ENSO-independent negative IOD events. The decreasing and increasing trends are obvious
in the upper and lower layers, respectively. In 2016-2017, the ratio of the contributions of
IOD and ENSO events reached above 8:1, which further confirms that negative IOD events
have a larger contribution than La Nifia events [25,27].
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Figure 8. Same as Figure 7 but for ENSO and IOD negative anomaly events. Sub-modes of (a) IOD-
independent La Nifia and (b) ENSO-independent negative IOD events. The co-occurrences of La
Nifia and negative IOD events during (c) 1998-1999, (d) 2010-2011, (e) 20162017, and (f) 2021-2022.
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5. Conclusions

In this study, the improved CCA analysis method and four independent reanalysis
datasets were employed to reveal the roles of climate drivers in modulating the ITF volume
transport when two climate events co-occurred. Validation results of the reanalysis datasets
show that OFES, CMEMS, and SODA have a greater performance in the upper, lower,
and lower layers, respectively. HYCOM overestimates the ITF volume transport, and its
simulation is weak in the lower layer. However, by synthesizing the four independent
reanalysis datasets, the ensemble meaning results show a good correspondence with the
mooring data.

By using the CCA analysis method, the sub-modes of the ENSO and IOD events were
identified. When an ENSO sub-mode occurs, it has a greater influence on the ITF inflow
than it does on the ITF outflow. When an IOD sub-mode occurs, the ITF upper layer has no
lag with positive IOD events. The ITF outflow has an earlier and stronger response than
that in the ITF inflow during the negative IOD events.

The CCA results show that ITF volume transport has an asymmetric response to
co-occurring ENSO-IOD events. In cases of the co-occurrence of El Nifio and positive IOD
events, ENSO dominates the changes in the ITF volume transport, and it plays a greater
role in the inflow than in the outflow. The large differences in SLA between the NWP and
SEI dominate the changes in the ITF volume transport in the upper layer, which is caused
by the El Nifio events. In the lower layer, the westward propagating Rossby wave plays a
role in lifting the depth of the thermocline, increasing further the ITF volume transport. In
the typical 1997-1998 event, the ratio of contributions of ENSO and IOD reaches 12:1 in
the upper layer of the ITF inflow. In cases of the co-occurrence of La Nifia and negative
IOD events, IOD dominates the changes in the ITF volume transport, which shows greater
influence on the outflow. In the typical 2016-2017 event [25], the ratio of the contributions
of IOD and ENSO reaches more than 8:1 in the upper layer.

The effects of the ENSO and IOD climate forcing on the ITF volume transport are often
nonlinear and complex [27,33], making their contributions difficult to quantify. However,
this problem can be addressed by utilizing the CCA analysis method proposed in this study.
The idea of using the sub-modes of historical events to decouple and quantify the nonlinear
processes, acknowledging the roles of individual influencing factors, provides promising
new access to perform attribution studies in this research field.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/rs16183395/s1. Figure S1. Lead-lag correlations between ITF
volume transport and Nifio 3.4 index during IOD-independent El Nifio events. Figure S2. Lead-lag
correlations between ITF volume transport and Nifio 3.4 index during IOD-independent La Nifia
events. Figure S3. Lead-lag correlations between ITF volume transport and DMI index during ENSO-
independent Positive IOD events. Figure S4. Lead-lag correlations between ITF volume transport
and DMI index during ENSO-independent Negative IOD events.
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