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Abstract

Based on the high-resolution Eulerian fields of an ocean general circulation model simulation, the heat
contribution of the Indonesian throughflow (ITF) to the Indian Ocean is estimated by Lagrangian tracing method.
The heat transport of each particle of ITF waters is calculated by tracing temperature change along the trajectory
until the particle exits the Indian Ocean. The simulation reveals that the ITF waters flow westward and branch
near Madagascar, further showing the ITF waters are redistributed in both northern and southern Indian Ocean.
Heat budget analysis indicates that the ITF waters gain 0.41 PW (Petawatts, 10!> W) in the northern Indian Ocean
and lose 0.56 PW in the southern Indian Ocean, respectively. As a result, the ITF waters warm the whole Indian
Ocean basin with only 0.15 PW, which shows an “insignificant” role of ITF on the Indian Ocean because of the
heat exchange compensation between northern and southern Indian Ocean. Furthermore, the tracing pathways
show that the ITF waters mainly flow out the Indian Ocean at both sides of the basin via Agulhas Current and
Leeuwin Current. About 89% of the ITF waters leave along western boundary and the rest 11% along eastern
boundary. Compared to seeding section, 0.10 PW and 0.05 PW are released to the Indian Ocean, respectively.
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1 Introduction

The Indonesian throughflow (ITF) is a vital component of the
Global Conveyor Belt, and plays an important role in the global
ocean and climate regulation (Gordon, 1986; Godfrey, 1996). The
ITF carries warm and fresh tropical waters from the Pacific into
the Indian Ocean, which strongly influences the state of the Pa-
cific Ocean and Indian Ocean and modulates climate variability
on a variety of time scales (Godfrey, 1996; Lee et al., 2002; Mc-
Creary et al., 2007; Song et al., 2007; Sprintall et al., 2014; Kajtar et
al., 2015). The ITF is considered central to the heat and freshwa-
ter budgets of the Pacific Ocean and Indian Ocean (Vranes et al.,
2002; Wajsowicz, 2002; Talley, 2003, 2008; Lumpkin and Speer,
2007; Macdonald and Baringer, 2013).

The spreading pathways of the ITF waters in the Indian
Ocean are estimated in earlier studies. Most of the ITF waters are
advected westward within the South Equatorial Current (SEC)
between 10°S and 20°S (Gordon, 2005). The Lagrangian traject-
ory experiments show that at the western boundary about
38%+5% thermocline ITF waters flow southward to join the Agul-
has Current, consequently exiting the Indian Ocean; the rest,

about 62%+5%, flow northward to the north of SEC (Song et al.,
2004). The primary spreading pathway of the thermocline ITF
water north of SEC is upwelling to the surface layer with sub-
sequent advection southward within the surface Ekman layer to-
ward the southern Indian Ocean subtropics (Song et al., 2004;
Valsala and Ikeda, 2007). Most of the ITF waters leave the Indian
Ocean within the Agulhas Current (AC) (Haines et al., 1999; Song
etal.,, 2004). There are also a portion of the ITF waters feeding the
Leeuwin Current (LC), which are assessed in detail by Domin-
gues et al. (2007) and Sebille et al. (2014).

Much attention has been paid to the net heat contribution of
ITF to the Indian Ocean. ITF heat flux into the Indian Ocean is es-
timated about 0.5 to 1.4 PW (Petawatts, 101> W), depending on
ITF volume transport and reference temperature (Vranes et al.,
2002; Talley, 2003; Lumpkin and Speer, 2007; Macdonald and
Baringer, 2013). The reference temperature 0°C is often chosen
out of simplicity (Talley, 2003; Macdonald and Baringer, 2013).
The ITF waters eventually exit the Indian Ocean across 34°S
(Haines et al., 1999; Song et al., 2004; Valsala and Ikeda, 2007).
After a reasonable reference temperature for ITF exiting the Indi-
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an Ocean is chosen, the ITF heat flux on the Indian Ocean can be
estimated. Based on direct mooring measurements in the Makas-
sar Strait and AC region, Vranes et al. (2002) estimate the ITF
heat flux under various scenarios, concluding that the net heat
contribution of ITF to the Indian Ocean is insignificant. This res-
ult is consistent with the estimations of the divergence of temper-
ature fluxes between the Indonesian seas and the southern
boundary of the Indian Ocean by other studies (Banks, 2000; Tal-
ley, 2003; Macdonald and Baringer, 2013).

An open question is therefore raised that whether the ITF
warm or cool the Indian Ocean. Gordon (2005) argues that the
ITF cools the Indian Ocean. Due to that the thermocline of the
Indonesian seas is colder than that of the Indian Ocean. He as-
sumes that the warm tropical and northern Indian Ocean ther-
mocline would close in and fill the void if there were no ITF. On
the contrary, by contrasting a control model run with a “closed
ITF” run, many model experiments conclude that the ITF warms
the Indian Ocean (Lee et al., 2002; Song et al., 2007; Kajtar et al.,
2015). When ITF passages are closed, sea surface temperature in
the southern Indian Ocean gets cooler and the mean thermo-
cline shoals in the Indian Ocean. However, it is worth noting that
“anomaly” fields between experiments open and closed ITF
should be treated with caution because it is not clear whether
such a climate state resulting from a closed ITF is realizable (Gor-
don, 2005). The initial and boundary conditions for closed ITF
usually are set to the same as that for open one, which is often
unreasonable but hard to solve because that we even do not
know what the reasonable conditions should be. Besides, the dif-
ference induced by closed ITF is may contaminated by the nu-
merical errors as well (Valsala and Ikeda, 2007).

In the present study we will pay our attention to quantitat-
ively estimate the heat contribution of the ITF waters to the Indi-
an Ocean. The spreading pathways and temperature change of
the ITF waters in the Indian Ocean are examined, using Lag-
rangian method based on the high-resolution Eulerian fields.
The rest of the paper is organized as follows. The data and meth-
ods are introduced in Section 2, the results are presented in Sec-
tion 3, followed by the conclusions and discussion in Section 4.

2 Data and methods

2.1 Model data

The high-resolution ocean general circulation model for the
earth simulator (OFES) output (Masumoto et al., 2004) is used in
this study. This model is a quasi-global (75°N-75°S), with hori-
zontal resolution of 0.1° and 54 levels in the vertical direction.
The vertical grid spacing varies from 5 m in the upper levels to
330 m near the bottom with 20 levels confined in the upper 200 m
to represent upper ocean circulation realistically. It was run for
50 years and the output, monthly mean climatological three-di-
mensional temperature, salinity and velocity fields for the last ten
years (Years 41-50) is used in this analysis (see Masumoto et al.
(2004) for more details).

The OFES data have been widely used to describe the ocean
general circulation and the volume transport in the world oceans
(Masumoto et al., 2004, 2008; Masumoto, 2010). In Indian Ocean,
the Wyrtki Jets, Somali current system and Agulhas current sys-
tem, main flows of the Indian Ocean, are well reproduced in the
OFES data (Masumoto et al., 2004). Comparing with other ocean
general circulation models, the OFES data is superior in simulat-
ing the meridional heat transport in the tropical Indian Ocean
(Godfrey et al., 2007; Hu and Godfrey, 2007). The total ITF in
OFES solution is about 11.6x10% m3/s (Masumoto et al., 2004),

which is consistent with other ocean data assimilation products
(Lee et al., 2010; Wang et al., 2010; Metzger et al., 2010), but lar-
ger than the earlier observations of about 10.6x10% m3/s (Sprint-
all et al., 2004) and smaller than the recent observations of about
15x106 m3/s (Gordon et al., 2010).

2.2 Tracing code and configurations

The TRACMASS code is used in this study to calculate Lag-
rangian trajectories from Eulerian velocity fields (D66s et al.,
2013). The code computes numerically the trajectory through
each grid cell by solving a differential equation that depends on
the mass fluxes on the grid box walls. Each trajectory is associ-
ated with a certain volume transport given by the initial velocity
and area. Due to the mass conservation of the TRACMASS
schemes, mass transports can be calculated by summing over a
set of trajectories between specific initial and final sections.

In the present study, ITF waters are traced from entering Indi-
an Ocean to exiting Indian Ocean. Simulated parcels are initi-
ated through all levels along the 8°S section on zonal-vertical
plane to capture ITF waters into the Indian Ocean. One traject-
ory is initiated in each grid box, accounting for the transport
across that grid box. The particles are released monthly over the
first one year to account for seasonal variations. The trajectories
are time dependent in the sense that the velocity fields are
monthly updated during the integration, using the OFES output.
At each time step, temperature, salinity, and density of the
particles are all interpolated in time and space. In the present pa-
per, the temperature variable we use is the potential temperat-
ure. Note that the ITF waters are mixed with the Indian Ocean
waters and may change their properties. Hereafter we still dic-
tate the modified waters during the journey as the ITF waters for
convenient. These particles are tracked of 1 000 years or until
they exit the Indian Ocean domain through southern boundary
(34°S section). After 1 000 years, more than 99% of the particles
exit the Indian Ocean, which indicates that 1 000 years should be
enough to cover the ITF transport in the Indian Ocean.

2.3 Lagrangian diagnostic method

To examine where trajectories change their temperature, the
Lagrangian divergence of heat flux is defined. Following Ber-
glund et al. (2017), the tracer equation for temperature is approx-
imated as

V-VI=Dr+Q, )]

where Vis the three-dimensional velocity, D, is the diffusion of
temperature, and Q is the heat exchange, changing the temperat-
ure of the ocean. Here an incompressible flow (V - V=0) is as-
sumed and the long time means, over the considered time peri-
od, of the local rate of change (97T/9¢) are negligible compared to
the rate of change due to advection (V - VT). Further integrating
Eq. (1) from the bottom to the surface and then multiplying with
the heat capacity (taken as constant 4 000 J/(K-kg)) and density of
sea water (taken as constant 1 025 kg/m3, mean density of the ITF
waters), the Lagrangian divergence of heat flux in a water column
is obtained (see details in Berglund et al. (2017)).

The Lagrangian meridional streamfunction in latitude-tem-
perature coordinates is used to diagnose the meridional heat
transport. Following D66s et al. (2012) and Zika et al. (2012), it is
defined as

U=

ik, nlp<r

Y
Ti,jﬁk,n’ (2)
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where ¥y; is the Lagrangian meridional stream function, le ikn
is trajectory-derived volume transports in the meridional direc-
tion, and (i, j, k) represent grid indices in the x (zonal), y (meridi-
onal), and z (vertical) direction, respectively, where n represents
the trajectory. It displays the northward volume transport across
that part of the vertical surface at a specified latitude where the
temperature T’ is less than T. This is equal to the volume trans-
port through the isothermal surface T north of the specified latit-
ude in a statistically steady state (D60s et al., 2012). At 8°S sec-
tion, since trajectories start there and the volume transport at this
section is divergent, the streamfunction cannot be defined there.

Similarly, the Lagrangian meridional streamfunction in latit-
ude-depth coordinates is defined as

k
Ge= D 2D Tk 3

bottom i n

where ¥ i is the Lagrangian meridional streamfunction. The
streamfunction corresponds to the mass flux integrated from the
bottom to surface.

By calculating the heat entering, exiting, and loss-gain for
each specific water mass, the heat exchanges between the en-
trance and the exit can be quantified. Following Koch-Larrouy et
al. (2008), the heat transport for each trajectory is calculated as

Hin = pocpTinlT, 4)

Hout = pocpToult, )

Hyet = pocp(Tin — Tou)tT, (6)

where H; , H,, and H,, is the heat entering the Indian Ocean,

exiting the Indian Ocean and the net heat loss-gain respectively,
pois the density of sea water (1 025 kg/m?), c, is the specific heat
of sea water (4 000 J/(K-kg)), ¢, is the infinitesimal transport of the

30° 45° 60° 75° 90° 105°  120°
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trajectories considered, and T}, is temperature at the entrance
section, and T, at the exit section. Note that reference temperat-
ure for H; and H, is set to 0°C here, while H, ., is independent
on the reference temperature.

3 Results

In this section, we firstly depict transport pathways of the ITF
waters in the Indian Ocean according to where the particles turn
southward and exit the Indian Ocean. Then the heat contribu-
tion of the ITF waters to the Indian Ocean during their journey
and the corresponding dynamic process is investigated. Finally
the net heat contribution of the ITF waters to the whole Indian
Ocean according to where the particles exit the Indian Ocean is
further assessed in detail.

3.1 Typical routes

The ITF carries about 11.6x10% m3/s at around 8°-22°S from
the Pacific into the Indian Ocean. The ITF waters flow westward
and mostly join the SEC before reaching the Africa coast. When
they close to the east coast of Madagascar, there are several
routes for the ITF waters afterward. In order to examine the de-
tail how the ITF waters interact with the Indian Ocean, the typic-
al routes of the ITF transport are studied in the following.

There are several statistically significant routes of the ITF wa-
ters are shown in Fig. 1, which provides a straightforward way to
see how the ITF waters spread in the Indian Ocean. These are (1)
flowing southward at mouth of Indonesian archipelago and
along Australia coast to feed the LC (Fig. 1a), (2) flowing along
east coast of Madagascar after striding across the basin (Fig. 1b),
(3) flowing through Mozambique Channel after striding across
the basin (Fig. 1¢), and (4) striding across the basin and flowing
northward into northern Indian Ocean through western bound-
ary current, and eventually leaving the southern Indian Ocean
after circling in the northern Indian Ocean (Fig. 1d). These routes
are hereafter denoted as Routes 1, 2, 3 and 4.

Different from other routes, Route 1 does not stride the

30° 45° 60° 75° 90° 105°  120° 135°E

20° 1

10° 1

Fig. 1. A selection of illustrative trajectories according to where the particles turn southward and exit the Indian Ocean. ITF have four
distinct routes: Route 1 (a), Route 2 (b), Route 3 (c), and Route 4 (d). The trajectories are projected on the horizontal plane,
represented by blue curve. Black asterisk represents the initial position and red arrow the local transporting direction.
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basins. It firstly flows to the west within SEC and then retroflexes
into the Eastern Gyral Current. Afterward, it transits the Australi-
an North-West Shelf in a surface poleward boundary flow and
then exits the Indian Ocean within LC (Fig. 1a). The route agrees
well with the simulated Lagrangian pathways by Domingues et
al. (2007) carrying with about 11% ITF waters. Route 2 flows to
the west within SEC until reaching east coast of Madagascar,
turns southward into the Southeast Madagascar Current, and
then exits the Indian Ocean within AC (Fig. 1b). Route 3 flows to
the west within SEC until reaching east coast of Africa, turns
southward into the Mozambique Channel, and then exits the In-
dian Ocean within AC (Fig. 1c). Route 4 flows to the west within
SEC but then turns northward into the northern Indian Ocean
along western boundary current (Fig. 1d). It consists of an im-
portant part of shallow meridional overturning circulation result-
ing in cold northward transport in subsurface and warm south-
ward returning transport in surface (Valsala and Ikeda, 2007).
Specifically, there are more than 50% of ITF waters carried by
Route 4, which suggests there is a significant heat exchange pro-
cess between ITF and the northern Indian Ocean.

3.2 Heat contribution of ITF to the Indian Ocean during the jour-
ney

It is quite surprising that the ITF would import a large amount
of heat into the Indian Ocean without losing that heat while
residing within the Indian Ocean (Vranes et al., 2002). This con-
fusion drives us to investigate the heat contribution of ITF to the
Indian Ocean during the journey, which is detailed in this sub-
section.

The Lagrangian divergence of heat flux for the ITF transport
in the Indian Ocean is shown in Fig. 2. If the divergence of heat
flux in a grid box is positive (negative), the ITF waters absorb (re-
lease) heat through diffusion, mixing or heat exchange in that
grid box. Overall, ITF waters absorb heat in the northern Indian
Ocean and release heat in the southern Indian Ocean, separated
by approximate 12°S. In the northern Indian Ocean, there is a
strong pattern of warming in entering region between 12°S and
Java coast, the western boundary current region along Somalia
coast, flank of the South Indian tropical gyre. The ITF waters in
Route 4 seem to be responsible to this warming process. ITF wa-

ters upwell to surface layers and get warmer in northern Indian
Ocean (Song et al., 2004; Valsala and Ikeda, 2007). In the south-
ern Indian Ocean, cooling is confined to a broad band between
12°S and 18°S, the coastal current region along Africa coast, the
eastern coast of Madagascar, and Leeuwin coast. The cooling
along Leeuwin coast seems to associate with the ITF waters in
Route 1, and the other cooling is contributed by the ITF waters in
Routes 2, 3 and 4. Totally, the ITF waters release 0.56 PW heat, al-
most half of the heat entering the Indian Ocean, to the southern
Indian Ocean during crossing this region. While the ITF waters
absorb 0.41 PW heat from northern Indian Ocean. The heat gain
compensates for the heat loss, resulting an “insignificant” net
heat contribution, only 0.15 PW.

Shallow meridional overturning of the ITF waters in the Indi-
an Ocean seems to be responsible for heat gain of the ITF waters
in the northern Indian Ocean and heat loss in the southern Indi-
an Ocean. This process could be diagnosed by the Lagrangian
meridional streamfunction (Fig. 3). The ITF waters anticlockwise
overturn in the northern Indian Ocean, mainly restrained in the
upper 200 m (Fig. 3a). The ITF waters absorb heat within the
overturning process in the northern Indian Ocean (Fig. 3b). The
cool waters (most are less than 25°C) are heated mainly between
12°S and 5°N. After absorbing heat there, these waters return to
the southern Indian Ocean with temperatures more than 27°C.
This overturning process has a strength of 5x108 m3/s, about half
of the total ITF volume transport. Overall, the ITF waters absorb
heat from the northern Indian Ocean, implying that the ITF cools
the northern Indian Ocean. In the southern Indian Ocean, the
ITF waters cross the basin southward, residing in the upper 1 000 m
(Fig. 3a). Within the poleward transport, most of the warm wa-
ters (more than 26°C) release heat, exiting the Indian Ocean with
temperatures less than 25°C (Fig. 3b). Note that there is also an
anticlockwise cell centered on 12°S, 26°C, with a strength of about
2x106 m3/s. This cell seemingly holds together with the overturn-
ing in the northern Indian Ocean. The waters in this cell firstly re-
lease heat to the southern Indian Ocean between 12°S and 22°S,
then absorb heat within the overturning in the northern Indian
Ocean, and finally re-release heat to the southern Indian Ocean.
Overall, the ITF waters release heat to the southern Indian
Ocean, indicating that the ITF warms the southern Indian Ocean.
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Fig. 2. The Lagrangian divergence of heat flux for ITF transporting in the Indian Ocean. The positive (negative) values indicate that

ITF waters increase (decrease) temperature at that grid.
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Fig. 3. The Lagrangian meridional overturning streamfunction in latitude-depth coordinates (a) and latitude-temperature
coordinates (b). Positive streamlines correspond to anticlockwise circulation and negative streamlines to clockwise circulation.

3.3 Net heat contribution of ITF to the Indian Ocean

Furthermore, the exit of the ITF waters is carefully examined,
in order to further estimate the net heat contribution of ITF trans-
port to the Indian Ocean. Due to that the Indian Ocean has no
high northern latitudes, the ITF waters have to leave at the south-
ern boundary of the Indian Ocean. There are two main outflow
regions (Wang et al., 2012), where the ITF waters exit the Indian
Ocean. They are on both sides of ocean basin at the 34°S, in
which one is within AC and the other is within LC (Fig. 4). Con-
sistent with earlier studies (Haines et al., 1999; Song et al., 2004),
they are estimated by 89% of ITF waters leaving within AC. These
waters are mainly concentrated in the upper 1 500 m layers
between the Africa coast and 30°E (see details in Fig. 4). The rest
11% leaving within LC mainly confined in the upper 200 m layers
between 108°E and the Australia coast. These waters are nonneg-
ligible in estimating the net heat contribution, as shown in latter
section. The ITF waters in Route 1 leave the Indian Ocean within
LC, and that in Routes 2, 3 and 4 eventually leave the Indian
Ocean within AC.

From entrance section to exit section, most of the ITF waters
get cooler and saltier (Fig. 5). At the entrance section, the inflow-

ing Pacific waters are converted by various mixing into a unique
ITF waters stratification (Godfrey et al., 2007; Koch-Larrouy et al.,
2008). For the ITF waters eventually exiting within LC, they
mainly enter with high temperatures (more than 27°C) and low
salinities (less than 34.5). While for the waters eventually exiting
within AC, they enter with more widespread temperatures and
salinities. At the exit section, the total distribution of the ITF wa-
ters has changed under interacting with the Indian Ocean waters
(Vranes et al., 2002; Song et al., 2002). All the waters exiting with-
in AC are less than 28°C while all that exiting within LC are less
than 23°C. The waters are more concentrated on respective
boundary current region, which are separated by higher salinit-
ies (more than 35.5) in LC region and relative lower salinities (but
most still are more than 35.3) in AC region. Strong salinity modi-
fication and corresponding freshwater transport will be leaved to
further research, and later we focus on the heat transport and the
net heat contribution induced by temperature modification.

The heat transport and the net heat contribution in detail are
given in Table 1. At entrance section, the total heat transport is
about 1.04 PW, in which 0.89 PW is carried by the ITF waters exit-
ing within AC and the rest 0.15 PW is carried by the ITF waters ex-



Zhang Tiecheng et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 4, P. 72-79 77

O = T
0
[e]
100 - 100
£ 200
200 &
2 300
300 ~ 400 I AC °
B Lc
500
£ 400 — 0 02 04 06 08 10 12
& Transport/10° m*-s™!
B0 500 e e
, . 8
1500 & o woa o
° 8
2500 - o8 o
o o EE o @
% feXe) o [o}
o o So o L) O
3500 — S 3 %,
© o
o o )
4 500 T T T T T T T T - T
300 40° 50° 60° 70° 80° 90° 100° 110°E

Fig. 4. The positions of the ITF waters exiting the Indian Ocean through the 34°S section. The symbol cycle represents the water
exiting at that grid. The 500 m isobath is marked by gray dashed line. The waters exiting within AC and LC are respectively marked as
blue and red, with the corresponding cumulative transport in 20 m depth bins are displayed by the bar graph in the upper of the panel.

Temperature/°C

a. entrance/ e .

0

b. exit

34.5
Salinity

33.0 335 34.0

36.0

345 35.0 355

Salinity

33.0 335 34.0 36.0

Fig. 5. TS diagram of the ITF waters at the entrance (8°S) (a) and the exit (34°S) (b). The waters exiting within AC and LC are marked

as blue and red, respectively.

Table 1. Heat transport (PW, calculated following Eqgs (4)-(6)) of
the ITF waters at the entrance section, exit section and net heat
contribution

AC* AC- AC LC Total

Entrance 0.69 0.20 0.89 0.15 1.04
Exit 0.46 0.33 0.79 0.10 0.89
Net 0.23 -0.13 0.10 0.05 0.15

Note: The waters exiting within AC are further decomposed to
AC* and AC-, which are corresponding to the net heat loss and gain,
respectively.

iting within LC. At exit section, the former reduces to 0.79 PW and
the latter reduces to 0.10 PW, resulting the total heat transport re-
duces to 0.89 PW. In comparison of the heat transport between
entrance section and exit section, the total net heat contribution

is 0.15 PW. This result is consistent with the eralier estimations
(Banks, 2000; Vranes et al., 2002; Talley, 2003; Macdonald and
Baringer, 2013). Although only 11% ITF waters exit within LC,
due to that they all get cooler (Fig. 5), their net contribution is
0.05 PW, about 30% of total heat contribution. These waters flow
in Route 1 and release heat within the poleward transport, which
are nonnegligible in estimating the net heat contribution. For the
ITF waters exiting within AC, a dominant part (AC*) get cooler
while other considerable part (AC-) get warmer due to the over-
turning process. The former have a net heat loss 0.23 PW while
the latter have a net heat gain 0.13 PW, resulting their net heat
contribution 0.10 PW. Due to the heat exchange compensation,
the total net heat contribution of the ITF to the whole Indian
Ocean is only 0.15 PW.
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4 Conclusions and discussion

By using TRACMASS based on the high-resolution OFES data,
the present study estimates the heat transport of the ITF waters in
the Indian Ocean. The tracing reveals that the ITF waters flow
westward and branch near Madagascar, further showing the ITF
waters are redistributed in both northern and southern Indian
Ocean. The ITF waters carry 1.04 PW heat into the Indian Ocean.
This value is consistent with earlier estimations (Talley, 2003;
Macdonald and Baringer, 2013). During the journey in the Indi-
an Ocean, the ITF waters absorb 0.41 PW heat from the northern
Indian Ocean while release 0.56 PW heat to the southern Indian
Ocean. Due to this heat exchange compensation, the ITF waters
have an “insignificant” net heat contribution to the whole Indian
Ocean, only 0.15 PW. This indicates that the ITF cools the north-
ern Indian Ocean while warms the southern Indian Ocean. Note
that the northern Indian Ocean gains heat from atmosphere
while the southern Indian Ocean releases heat to atmosphere (Yu
et al., 2007; Liang and Yu, 2016), and therefore the ITF plays a
critical role in heat budget in the Indian Ocean. Shallow meridi-
onal overturning of the ITF waters further indicates dynamic pro-
cess responsible for heat gain of the ITF waters in the northern
Indian Ocean and heat loss in the southern Indian Ocean.
Through overturning process, the ITF waters absorb heat from
the northern Indian Ocean due to the upwelling of the cold wa-
ters and release heat to the southern Indian Ocean with the pole-
ward transport.

Furthermore, the tracing pathways show that 89% of the ITF
waters exit the Indian Ocean within AC region, and the rest 11%
exit within LC region. The former concentrate in the upper 1 500 m
layers between the Africa coast and 30°E, and the latter are
mainly confined in the upper 200 m layers between 108°E and the
Australia coast. In comparison of the heat transport between en-
trance section and exit section, the ITF waters overall warm the
Indian Ocean, with net heat contribution 0.15 PW. This result is
consistent with the earlier estimations (Banks, 2000; Vranes et al.,
2002; Talley, 2003; Macdonald and Baringer, 2013). Although
only 11% ITF waters exit within LC region, they account for 0.05 PW,
about 30% of total net heat contribution, which are neglected in
the estimation by Vranes et al. (2002). For the ITF waters exiting
within AC, a dominant part have a net heat loss 0.23 PW while the
other have a net heat gain 0.13 PW, resulting their net heat con-
tribution 0.10 PW.

In the present study, the trajectories are driven by monthly
mean climatological velocity fields, which give a “mean” path.
Since the dominant seasonal variability is included in the
monthly climatology (Song et al., 2004), it is not unreasonable to
regard the routes of ITF as a plausible estimate. The key trans-
port process, a portion of the ITF waters flush into the northern
Indian Ocean and absorb heat from there, has also been con-
firmed by earlier studies (Schott et al., 2002; Miyama et al., 2003;
Song et al., 2004; Valsala and Ikeda, 2007). The main results of
this paper, the ITF cools the northern Indian Ocean and warms
the southern Indian Ocean, should be reliable. However, it has to
be acknowledged that the tracing used in present study has limit-
ations. The sub-grid motion is not represented in the trajectories.
The sub-grid motion involving diffusion, mixing and turbulence
affects spreading pathway in real ocean (D66s and Engqvist,
2007; Valsala and Ikeda, 2007). Future work needs to trace the
ITF waters with adding sub-grid scale process and compare the
results with that in the present paper.
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