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Abstract Remarkable warming of the Southern Indian Ocean during the recent two decades is assessed
using a heat budget analysis based on the Estimating the Circulation and Climate of the Ocean version 4
release 3 model results. The annual mean temperature averaged in the upper-700 m Southern Indian Ocean
during 1998–2015 has experienced significant warming at a rate of 1.03 × 10�2 °C/year. A heat budget
analysis indicates that the increase is mostly driven by decreased cooling from net air-sea heat flux and
increased warming from heat advection. Increased Indonesian Throughflow advection is the largest
contributor to warming the upper 700 m of the Southern Indian Ocean, while the reduction of surface
turbulent heat flux is of secondary importance. These results expand our understanding of the decadal heat
balance in the Indian Ocean and of Indo-Pacific decadal climate variability.

Plain Language Summary This study identified the important role of the strengthened Indonesian
Throughflow volume and heat transports during the global surface warming hiatus period in warming up the
Southern Indian Ocean in the past two decades. Roles of other processes, such as air-sea heat fluxes,
cross-equatorial cells, and the Agulhas Current, have also been quantified using themodel. It appears that the
heat transport anomaly is the dominant factor that drives the Southern Indian Ocean warming. Quantifying
the decadal ocean heat balance is important to understand the redistribution of the anthropogenic heat
uptake in the oceans. The results are useful in assessing coupled model performance in simulating
climate change impacts on the global oceans. The study may have broad implications in the climate
change research field, as well as the study of broad-scale oceanography, ocean circulation, and the
Indonesian Throughflow.

1. Introduction

Global mean surface temperature warming slowed down sharply from the end of the twentieth century
(Easterling & Wehner, 2009; Katsman & van Oldenborgh, 2011; Trenberth & Fasullo, 2013) despite the ever-
increasing anthropogenic greenhouse gas concentrations (Allan et al., 2014; Fyfe et al., 2013; Kaufmann
et al., 2011; Solomon et al., 2010). Recent studies have suggested that heat redistribution between the upper
layers of the Pacific and Indian Oceans is closely tied to the hiatus in global mean surface temperature warm-
ing, because of increased heat transport from the Pacific to the Indian Ocean by the Indonesian Throughflow
(ITF; Dong & McPhaden, 2016; England et al., 2014; Kosaka & Xie, 2013; Lee et al., 2015; Liu et al., 2016). The
Southern Indian Ocean (SIO) upper ocean heat content has increased significantly during the hiatus period;
however, a direct connection between the changes of the ITF heat transport and the ocean heat content of
the SIO has not been quantified.

The ITF is a crucial component of the global overturning circulation, which carries warm seawater from the
tropical Pacific to the Indian Ocean, impacting the mass and heat budgets of both the Pacific and Indian
Oceans (Gordon, 1986; Gordon et al., 2010; Schneider, 1998). The ITF transport cools the Pacific, warms the
Indian Ocean, and strengthens the South Equatorial Current and Agulhas Current (AC) in the Indian Ocean
(Hirst & Godfrey, 1993). The ITF has a maximum (minimum) volume transport during austral winter
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(summer; Wyrtki, 1987; Figures S2c, S2d, S3a, and S3b in the supporting information). Moreover, the ITF
volume transport varies during the El Niño–Southern Oscillation (ENSO) cycle, being stronger during the La
Niña phase and weaker during the El Niño phase (Clarke & Liu, 1994; Liu et al., 2015; Meyers, 1996). Recent
studies demonstrated that ITF heat transport increased in the 2000s due to a series of long-lasting La Niña
events without strong and intervening El Niño events (Li et al., 2017; Liu et al., 2015).

The Leeuwin Current (LC) and AC, the eastern and western boundary currents in the SIO, respectively, also
play important roles in mass and heat budgets of the Indian Ocean and its adjacent oceans. The LC carries
warm water poleward along the west coast of Australia, driven by the meridional pressure gradient setup
by the ITF and the air-sea fluxes in the southeast Indian Ocean (Benthuysen et al., 2014; Furue et al., 2013;
Thompson, 1984). The LC is strong in austral winter and weak in austral summer (Godfrey & Ridgway,
1985; Smith et al., 1991; Figures S2c, S2d, S3e, and S3f). The LC is stronger during the La Nina phase and
weaker during the El Niño phase (Feng et al., 2003; Pearce & Phillips, 1988).

A large portion of the ITF transport eventually joins the AC on decadal timescales (Durgadoo et al., 2017). The
AC is a narrow, swift, and strong current that carries warm water poleward along the eastern coast of Africa
and is primarily forced by positive wind stress curl over the subtropical Indian Ocean (De Ruijter, 1982). The
current is at a maximum during the austral summer and at a minimum during the austral winter (Matano
et al., 1998; Figures S2c, S2d, S3e, and S3f). Recent studies suggested that the AC has not intensified but
has broadened since the early 1990s, which could result in reduced poleward heat transport (Beal &
Elipot, 2016).

The cross-equatorial cell also plays an important role in the SIO heat balance, as it provides the mass and heat
exchange between the Northern and Southern Hemispheres in the Indian Ocean (Lee, 2004; Miyama et al.,
2003; Schott et al., 2004, 2009). The cross-equatorial cell is a wind-driven circulation that carries warm
Northern Hemisphere surface water southward across the equator to the SIO (Figures S2c, S2d, S3c, and S3d)
where it subducts into the thermocline and flows northward to be upwelled off Somalia (Schott et al.,
2009; Wang & McPhaden, 2017).

The changes in the upper Indian Ocean temperature over the past two decades have received increasing
attention. Nieves et al. (2015) illustrated that the Indian Ocean 100–300 m depth layer has warmed sig-
nificantly during 2003–2012. Lee et al. (2015) proposed that rapid increase in the top 700 m Indian
Ocean heat content accounted for more than 70% of the global ocean upper-700 m heat content gain
during 2003–2012. On the other hand, changes in the upper-700 m heat content of the Northern
Indian Ocean are primarily attributed to changes in meridional heat transport across 5°S (Srinivasu
et al., 2017; Thompson et al., 2016). The impacts of the ITF on heat content are speculated to be limited
to the SIO (Srinivasu et al., 2017). The present study uses numerical simulations from an energy and
momentum conserving data-assimilating model to study the decadal changes in temperature of the
upper-700 m SIO and to quantify the relative importance of ITF transport and air-sea heat exchange on
the SIO heat budget on decadal timescales.

2. Data and Methods
2.1. Estimating the Circulation and Climate of the Ocean version 4 release 3

The Estimating the Circulation and Climate of the Ocean version 4 release 3 (ECCO v4.3) is an optimal solution
of Massachusetts Institute of Technology General Circulation Model (MITgcm; Marshall, Adcroft, et al., 1997;
Marshall, Hill, et al., 1997), which is forced by an adjusted version of ERA-Interim atmospheric reanalysis
(Dee et al., 2011). In the ECCO framework, the MITgcm is fit in a least squares sense to several hundred million
(satellite and in situ) ocean observations (Forget et al., 2015; Wunsch & Heimbach, 2007; Wunsch et al., 2009).
Each data point is weighted by a best-available estimate of its observational and representation error var-
iance, and the least squares problem is solved by the method of Lagrange multipliers through iterative
improvement relying upon a quasi-Newton gradient search (Gilbert & Lemaréchal, 1989). In addition, ECCO
estimates satisfy the equations of motion and conservation laws without unidentified sources of heat and
buoyancy (Wunsch & Heimbach, 2013); thus, they are dynamically and kinematically consistent, allowing
us to explore the temperature changes and associated heat budget of the upper 700 m of the SIO during
recent decades. The model has a truly global domain (including the Arctic) with 50 vertical layers, 1° zonal
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resolution, and varying meridional resolution (approximately 1° at midlatitudes and 1/3° at the equator). The
model simulation covers the period 1992–2015.

2.2. Observations

To estimate upper-ocean temperature changes in the SIO, objectively analyzed subsurface temperature fields
from the ENACT/ENSEMBLES version 4 (EN4), World Ocean Atlas 2009 (WOA09), and the Institute of

Figure 1. Temperature changes and linear trends. (a) Time series of annual mean temperature anomalies averaged in the upper-700 m of the SIO (32–5°S,
Africa-115°E) from ECCO v4.3 (red), and three observational data sets: EN4 (blue), IGOTv3 (green), and WOA09 (magenta). The mean of the three observational data
sets is shown in black with their spread indicated by gray shading. (b) Linear trends of the 0–700m average temperature in the SIO from observations (black bars) and
ECCO v4.3 (red bars) over periods 1992–2015, 1992–1998, and 1998–2015. The dots show the linear trend in temperature from the three observational data sets.
The vertical error bars show the 90% confidence levels of the linear trends derived from regression coefficient confidence intervals based on bootstrap methods
(Efron & Tibshirani, 1986). (c and d) Depth-averaged 0–700 m temperature trends during 1998–2015 from observations and ECCO v4.3, respectively, with the control
volume for the heat budget shown in black lines. (e and f) Zonally averaged temperature trends for 1998–2015 over the Indian Ocean from observations and
ECCO v4.3, respectively. The dotted areas in (c)–(f) indicate that the linear trends are statistically significant at the 95% confidence levels from a modified Mann-Kendall test.
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Atmospheric Physics Global Ocean Temperature data set version 3 (IGOT) are used in this study. The monthly
temperature fields from the EN4 database have a regular 1° horizontal grid and 42 levels in the vertical (Good
et al., 2013; Levitus et al., 2009). WOA09 provides the yearly temperature anomaly fields, with a resolution of
1° × 1° and 16 levels in the upper 700 m (Levitus et al., 2012). The IGOT, mainly based on bias-corrected
expendable bathythermograph (XBT) measurements from the World Ocean Database, has a resolution
1° × 1° and 41 levels in the upper 2,000 m (Cheng et al., 2017; Cheng & Zhu, 2016). In this study, we use
the data sets from 1955 to 2016.

2.3. Heat Budget

The geographical domain chosen here to assess the SIO heat budget is the region between 32°S and 5°S, and
bounded by the Eastern African coast in the west to 115°E and the Western Australian coast in the east. We
choose 5°S as the northern limit of the control volume so as to include all the ITF transport from the east
boundary. The temperature budget, equivalent to a heat budget by a constant factor, is formulated as

∂
∂t

∭VTdV
V

� �
¼ Advþ 1

ρCρV
∬AQnetdxdy þ Res (1)

Adv ¼ � 1
V

∬115°Eu T � T½ �ð Þdydz þ ∬5°Sv T � T½ �ð Þdxdz � ∬32°Sv T � T½ �ð Þdxdz � ∬Areaw�h T�h � T½ �ð Þdxdyð Þ
(2)

T½ � ¼ ∭VTdV
V

(3)

where T is potential temperature; t is time; V and A are the volume and surface area of the domain, respec-
tively; ρ (assumed constant at 1,025 kg/m3) and Cp (assumed constant at 4,000 J · kg�1 · °C�1) are the den-
sity and heat capacity of seawater; Qnet is the net air-sea heat flux, including solar radiation and the
turbulent fluxes; and Res is the residual, which includes vertical mixing at the base of the control volume,
set at 700 m, and all other unresolved vertical and horizontal processes. Adv is the integral of the resolved
heat advection terms at the bottom boundary of the control volume at the depth of 700 m, and at the
three horizontal open-ocean boundaries at 115°E (eastern boundary), 5°S (northern boundary), and 32°S
(southern boundary). The velocity components (u, v, and w) are the zonal, meridional, and vertical

Figure 2. Mean values of (a) overall heat budget terms, (b) air-sea heat fluxes, (c) heat advection terms, and (d) volume transport for the Southern Indian Ocean
during P1. The difference between P2 and P1 of (e) overall heat budget terms, (f) air-sea heat fluxes, (g) heat advection terms, and (h) volume transport for the
Southern Indian Ocean. Positive values mean into the control volume of the Southern Indian Ocean. The error bars in (a)–(h) represent one standard error based on a
Student’s t test.
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velocities, respectively, including both geostrophic and Ekman cur-
rents. Here [T] is the time variable but space-averaged potential tem-
perature within the control volume, which is used as the reference
temperature for the heat advection. By adding the [T] in the heat
advection terms, the external advection mechanisms that control
the spatially averaged temperature of the domain including bound-
ary processes are quantified. This allows us to distinguish external
heat sources and sinks that control the spatially averaged tempera-
ture (Lee et al., 2004).

3. Changes in Temperature

Upper ocean temperature of the SIO has undergone significant decadal
variations, with two significant warming periods, from mid-1960s to
late 1970s, and after the late 1990s (Figure 1a; Zhou et al., 2017). The
ECCO v4.3 model results well capture the observed decadal variations
of temperature in the upper SIO (Figure 1a). The observed annual mean
temperature shows weak to no increase during 1992–1998, while ECCO
shows cooling due to a warmer than observed period around 1992
(Figure 1b). The intense interannual variability of temperature and the
differences in magnitude of interannual variability among data sets
lead to some differences in temperature change between the observa-
tions and model. However, the model and observations agree on an
abrupt warming trend during 1998–2015. The linear trend of annual
mean temperature during this period is 1.03 × 10�2 /year in the
ECCOv4.3 simulation and 1.38 × 10�2 °C/year averaged across the three
observational data sets (Figure 1b). Thus, significant upper ocean
warming occurred in the SIO during 1998–2015.

In the following analysis we define two periods to quantify the rates of
warming in the upper SIO, and the acceleration of warming since 1998.
The reference period (P1) is defined to be 1992–1998, and the warming
period (P2) is defined as 1998–2015. The warming during P2 appeared
in the whole upper SIO, albeit with spatial variations in magnitudes
(Figures 1c and 1d). The zonally averaged warming extended to
700 m depth, with the strongest warming trapped within the thermo-
cline layer (Figures 1e and 1f). The observed basin warming over the
study region is well reproduced by the ECCO v4.3 despite quantitative
differences in some areas (Figures 1c–1f).

4. Heat Budget Analysis
4.1. Seasonal Cycle of the Heat Balance

The volume transport into the control volume across the northern boundary shows a significant annual cycle,
with a southward (northward) transport during austral winter (summer), which is dominated by the Ekman
transport induced by the seasonally reversing monsoon winds (Figures S2a, S2b, S4a, and S4b; see also
Wang & McPhaden, 2017). The volume transport across the eastern boundary (ITF transport) is positive all
year-round, while the volume transport across the southern boundary is negative all year-round (Figure S4a).

The seasonal cycles of the heat advection follow the seasonal cycles of the volume transport, indicating the
importance of the volume transport variations on the heat balance (Figures S4a and S4d). The heat advection
across the northern boundary brings heat into the SIO during austral winter and exports heat northward
out of the SIO during austral summer, which dominates the seasonal cycle of the total heat advection
(Figure S4d). The ITF heat advection is positive all year-round, with an effect of warming the SIO, while
the heat advection across the southern boundary is negative all year-round, with an effect of cooling
the SIO (Figure S4d).

Figure 3. (a) Time-evolving annual mean relative temperature (T � [T]) anoma-
lies (°C, contours) and velocity anomalies (m/s, shadings) averaged between
21° and 9°S along 115°E (ITF section) in the upper 700 m. (b) Time series of the
meridional integral (21°–9°S) of anomalous heat advection across 115°E (ITF
section) in the upper 700 m. (c) Averaged-temperature of the upper-700 m SIO
([T], black); contribution of heat fluxes to [T] (∫Qnetdt, green); contribution of heat
advection to [T] (∫Advdt, blue); contribution of ITF heat advection and heat
advection across northern boundaries to [T] (∫AdvITFdt + ∫ AdvNorthdt, black
dash). The mean and linear trend in (c) is removed.
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The atmosphere heats the upper ocean of the SIO during October to March and cools the upper ocean during
the rest of the year (Figure S4c). Thus, in response to the total heat advection and net air-sea heat flux forcing,
the upper ocean cools during January to July, while it warms during August to December (Figure S4c).

4.2. Heat Balance Changes

The linear trend of annual mean temperature of the SIO was�1.61 × 10�2 °C/year (ECCO v4.3; Figure 1b) dur-
ing P1. The annual average net air-sea heat flux was directed from the ocean into the atmosphere (Figure 2a),
while the total heat advection carries heat into the SIO (Figure 2a). These two terms—advection and surface
fluxes—dominate the heat balance in the upper-700 m SIO during P1 (Figure 2a). The residual term has a
small warming contribution to the heat balance (not shown).

On average, the ITF heat advection and heat advection across the northern boundary have notable warming
contributions to the heat balance, carrying heat into the SIO through the ITF and Ekman transports, respec-
tively (Figures 2c and 2d and S5a and S5b). The heat advection across the southern boundary, however,
removes heat from the SIO, predominantly via the southward AC (Figures 2c and S6a and S6b). Overall, the
upper ocean of the SIO gains heat from heat advection. The cooling effect of vertical heat advection on
the upper-700 m SIO is relatively small (Figure 2c). The annual average net air-sea heat flux has remarkable
cooling contribution to the heat balance of the upper SIO, as the cooling effect of the surface turbulent heat
flux is stronger than the warming effect of the shortwave radiation (Figures 2c and S7a, S7c, and S7e).

Compared with the annual average heat balance terms during the reference period P1, the cooling effect of
the net air-sea heat flux weakened and the warming impact of the total heat advection strengthened during
P2. This combination resulted in the increase in upper ocean temperature of the SIO during P2 (Figure 2e).

The enhanced ITF heat advection is the largest contributor to the upper ocean warming in the SIO (Figure 2g),
due to positive heat transport anomalies that result from anomalously strong transports into the SIO of
anomalously warm waters during P2 (Figures 3a and 3b). To further understand the contributions of ocean
circulation and air-sea heat flux to the temperature changes on decadal timescales, the temporal integrals
of the heat advection and air-sea heat flux terms are shown in Figure 3c. The time integral of the ITF heat
advection and heat advection across the northern boundary dominates the temperature changes in the
upper-700 m SIO (Figure 3c). In particular, the ITF heat advection has robust decadal variations, which is

Figure 4. Average volume transport and heat budget balance for P1 and their differences between P2 and P1: (a) the average volume transport across individual
boundaries and (c) their differences; (b) the average heat budget terms and (d) their differences. In (a)–(d), the red arrows represent the heat and volume trans-
port into the SIO and the blue arrows represent the heat and volume out from the SIO. Units in (a) and (c) are Sv; units in (b) and (d) are 10�2 °C/year.
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consistent with decadal changes in temperature of the upper-700 m SIO (Figure S8). However, the heat
advection across the northern boundary may play an opposing role (Figure S8). The heat advection across
the northern boundary decreased, carrying less warm water southward into the SIO (Figures 2g and S5c
and S5d), because of the subdued Ekman transport associated with the weakened monsoon winds over
the North Indian Ocean (Srinivasu et al., 2017; Thompson et al., 2016). The heat advection across the southern
boundary also has a cooling contribution, with increased poleward heat transport, caused by the broadened
AC and intensified LC (Figures 2g and S6c and S6d; Beal & Elipot, 2016; Feng et al., 2016). The cooling effect of
the vertical heat advection weakened, which has a warming contribution that is small in comparison to the
other terms (Figure 2g).

The contribution of net air-sea surface heat flux shows less decadal-scale variation compared to the advective
contributions (Figure 3c). Comparing P2 with P1, the decreased surface turbulent heat flux contributes to
warming the upper SIO, while the decreased shortwave radiation cools the upper SIO (Figures 2f and S7d
and S7f). Overall, the anomalous surface turbulent heat flux dominated over the anomalous shortwave radia-
tion, and the changes in the net air-sea heat flux pattern, is similar to that in the surface turbulent heat flux
(Figures S7b, S7d, and S7f). The surface turbulent heat flux anomalies are in part due to the weakened trade
winds in the SIO (Figure S7d).

5. Conclusions and Discussion

In this study, monthly model output of ECCO v4.3 is used to investigate the roles of ITF transport in the dec-
adal warming of the SIO during 1998–2015. In the SIO, the significant seasonal cycle of total heat advection is
dominated by the monsoon-driven Ekman transport across 5°S. On average, the upper ocean heat budget is
balanced between warm horizontal advection from the Ekman flow across 5°S and the ITF, and the cooling
effect at the air-sea interface (Figure 4b). Compared with the heat balance during 1992–1998, a significant
warming trend is found in the upper 700 m of the SIO during 1998–2015. The decadal changes of
temperature in the upper-700 m SIO during this period are dominated by the increased warming
contribution of the heat advection. ITF heat advection is the largest contributor and drives the temperature
changes in the upper-700 m of the SIO; the surface turbulent heat flux anomalies have a secondary
contribution to the SIO warming during this period (Figure 4d).

Positive heat transport anomalies of the ITF occurred frequently during 1998–2015 (Figure 3b), which corre-
spond to the more frequent La Nina events associated with the negative phase of the IPO (Lee et al., 2015; Liu
et al., 2015; Sprintall & Révelard, 2014). Thus, a significant trend of increased ITF heat transport is evident dur-
ing 1992–2015 (Figure 3b), which is related to intensifying trade winds over the tropical Pacific since the early
1990s (England et al., 2014; Liu et al., 2015; Sprintall & Révelard, 2014). We note that the transport and tem-
perature anomalies are mostly confined in the upper 700 m; thus, the good comparison between the ITF
transport variability derived from the IX1 XBT line (Liu et al., 2015) and the ECCO model essentially supports
the main conclusion from this study (Figure S9).

The relative contributions of heat advection and air-sea heat flux to the decadal warming in the SIO vary with
the selection of the depth of the control volume in the ECCO model (Table S2). Seven hundred meters is the
optimal depth for examining the integrated changes in upper ocean heat content associated with the redis-
tribution of heat between the Pacific and Indian Oceans linked to the recent hiatus in global mean surface
temperature warming. We note that the ECCO model may have underestimated the decadal warming trend
in the SIO during 1998–2015. The discrepancies between ECCO results and other data sets, as well as the dif-
ference among various data sets, warrant further study.

It is evident that a complete understanding of climate variability and change will require an ability to robustly
assess changes like those observed over the past two decades in the Indo-Pacific region. Using the ECCO
model output (Bowen et al., 2017; Buckley et al., 2014; Thompson et al., 2016), we found that the ITF plays
a major role in climate variations of global consequence. The ITF, however, may experience a substantial
decrease in the future based on climate models and ocean downscaling models (Feng et al., 2017; Sen
Gupta et al., 2016). Thus, it is important not only to sustain existing broad scale ocean observing systems
for climate in the Indian and Pacific Oceans but to establish sustained observing systems for ocean boundary
currents that define the major pathways of ITF-related transport. Only in this way will be able to thoroughly
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evaluate the impacts of Indo-Pacific ocean circulation on climate variability and change, both regionally
and globally.
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