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S.I.1. Discussion on the World Ocean Atlas 2013

Figure S1. Four major ocean basins defined in this study. The Atlantic Ocean (ATL) includes the Mediterranean 
Sea and the Labrador Sea. The Southern Ocean (SOC) is directly connected to the Atlantic, Pacific and Indian 
Oceans at 34°S. The Indian Ocean (IND) and the Pacific Ocean (PAC) are directly connected via the Indonesian 
passages across 1.6°S. The contribution of the Arctic Sea on the global ocean heat change is very small thus not 
discussed in this study. 

The World Ocean Atlas 2013 (WOA13)1 was used to compute OHC700 for the global ocean, and 
for the Atlantic, Pacific, Indian and Southern Oceans (Fig. S1). The rates of OHC700 change for 
the global ocean, and for the Indian, Pacific, Atlantic and Southern Oceans, computed from 
WOA13, are shown in Table S1.

Table S1. Rates of OHC700 change for the global ocean and the four major ocean basins. The rates of OHC700
change for the global ocean, and for the Indian, Pacific, Atlantic and Southern Oceans, derived from WOA13, are 
shown for the periods of 1971-2000 and 2003-2012. The unit is 1022 J per decade.

Periods Global Ocean Indian Ocean Pacific Ocean Atlantic Ocean Southern Ocean
1971-2000 2.8 -0.2 0.9 1.3 0.6
2003-2012 2.9 2.1 -0.4 -0.3 1.5

For the ocean heat content changes below 700 m, there is no reliable in-situ global deep ocean 
data before the Argo observations whose spatial coverage over the global ocean reached a mature 
state only around 2004-2005. Since there is no reliable global deep ocean observation data for 
the study period (1971-2012), the ocean heat content changes below 700 m were not explored in 
this study. 
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It should be also noted that the OHC700 derived from WOA13 increased sharply during 2001-
2003 in all ocean basins including the Atlantic and Southern Oceans (Figs. 1 and S2). Previous 
studies have suggested that the changes in the historical observation network from a ship-based 
system to Argo floats introduced an artificial jump in OHC700 during the initiation of the global 
Argo array (2001-2003)2,3,4. Therefore, the OHC700 changes derived from WOA13 during 2001-
2003 were not used in this study.

S.I.2. Recent OHC700 changes and heat budget for the Atlantic and Southern Oceans

Figure S2. OHC700 and heat budget for the Atlantic and Southern Oceans. Time series of OHC700 for (a) the 
Atlantic and (b) Southern Oceans derived from the control and reference experiments and observations12 are shown. 
The heat budget terms, namely the storage rate (QSTR), horizontal and vertical advections (QADVH and QADVV), net 
surface heat flux (QNET), shortwave radiation (QSWR), downward and upward longwave radiations (QLDN and QLUP), 
latent heat flux (QLHF) and sensible heat flux (QSHF), for (c) the Atlantic and (d) Southern Oceans derived from the 
control experiment relative to the reference experiment are averaged for the 1971-2000 (green bars) and 2003-2012 
periods (red bars). The error bars show the 90 % confidence levels derived from the six-member ensemble runs.

Overall, the control experiment reasonably well captured the observational estimates of OHC700
changes in the Atlantic and Southern Oceans since the 1970s (Figs. S2a and S2b). As discussed 
in S.I.1, however, the OHC700 derived from WOA13 increased sharply during 2001-2003 in the 
Atlantic and Southern Oceans likely due to the changes in historical observation network from a 
ship-based system to Argo floats2,3,4. The simulated OHC700 from the control experiments does 
not show such a sharp increase during this period either in the Atlantic Ocean or in the Southern 
Ocean. 
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In the Atlantic Ocean, the surface heat uptake increased considerably during 2003-2012 in 
comparison to the earlier period of 1971-2000. However, a large portion of the anomalous 
surface heat uptake was transported to the deeper ocean below 700 m (QADVV < 0), consistent 
with previous studies5,6; thus, the OHC700 did not increase much during 2003-2012 (Figs. S2a 
and S2c). 

In the Southern Ocean, the surface heat uptake reduced somewhat during 2003-2012 in 
comparison to the earlier period of 1971-2000. Nevertheless, the OHC700 did increase during 
2003-2012 with a slightly higher rate than that during 1971-2000 (Figs. S2b and S2d) mainly 
because the southward heat transport into the Southern Ocean across 34° (mainly from the Indian 
Ocean; see Table S6) increased during 2003-2012 in comparison to the earlier period of 1971-
2000.

Additionally, there was no significant transport of heat to the deeper Southern Ocean disagreeing 
with previous studies5,6. However, since there is no reliable in-situ deep ocean data in the 
Southern Ocean for the study period (1971-2012) and the current state-of-the-art ocean-sea ice 
models in general have difficulties in reproducing the climatology in the Southern Ocean7, the 
heat budget analysis result for the Southern Ocean and its implication for the deeper Southern 
Ocean should be interpreted with caution.

S.I.3. Discussion on the bias-corrected 20CR surface flux fields 
In order to minimize potential biases in the 20CR surface flux fields (see ref 8), the monthly 
climatologies and high-frequency variability of the 20CR surface flux fields were corrected using 
the surface flux fields derived from the common ocean-ice reference experiments version 2 
(CORE2; ref 9), which is a global surface flux data set corrected by using available observations. 

We first constructed a set of monthly surface flux climatologies using the 20CR surface flux 
variables for 1984-2006, and another set of monthly surface flux climatologies using the CORE2 
surface flux variables for the same period. Then, the differences between the two sets of 
climatologies (i.e., CORE2 - 20CR) were added to the 20CR surface forcing fields. 

After correcting the monthly climatologies in the 20CR surface flux variables, a 5-day high-pass 
filter was applied to the CORE2 surface flux fields to obtain high-frequency variability in the 
CORE2 surface flux fields. Similarly, a 5-day low-pass filter was applied to the above processed 
20CR surface forcing fields to remove high-frequency variability. Then, for each model year 
(from 1948 to 2012), the high-pass filtered CORE2 surface flux fields for a randomly selected 
year during 1984-2006 were added to the low-pass filtered 20CR surface flux fields to construct 
the bias-corrected 20CR surface flux fields.

S.I.4. Discussion on the spin-up run
It is a common practice to spin up an ocean model with a seasonally varying climatological 
surface flux data set. However, recent studies have suggested that weather noise (linked to winter 
storms for example) and interannual-frequency surface forcing (linked to the North Atlantic 
Oscillation for example) are also important in shaping the mean state of the global ocean10. The 
spin-up method with randomly selected forcing years used in this study11 (Method) conserves the 
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total variance of the surface flux fields without introducing spurious long-term variability. 
Therefore, it is an effective way to spin up any ocean or ocean-sea ice coupled models.

S.I.5. Discussion on the heat budget analysis
The heat budgets summarized in Figs. 1 and S2 were obtained by first integrating the heat budget 
terms derived from the control experiment for the global ocean and for the individual major 
ocean basins. The spatially integrated heat budget terms for the global ocean and for the 
individual ocean basins were then averaged for the 1971-2000 and for 2003-2012 periods. The 
same procedure was used to compute the corresponding heat budget terms from the reference 
experiment, which were later subtracted from those derived from the control experiment. 
Therefore, the heat budget terms shown in Figs. 1 and S2 are the time-averaged values for the 
1971-2000 and 2003-2012 periods in the control experiment relative to the reference experiment. 

The heat budget values obtained from the control experiment for 1971-2000 and 2003-2012, the 
30-year mean and 10-year mean of the reference experiment, and the differences (control 
experiment for 1971-2000 minus 30-year mean of the reference experiment; control experiment 
for 2003-2012 minus 10-year mean of the reference experiment) are summarized in Table S2, 
S3, S4, S5 and S6 for the global ocean and for the Indian, Pacific, Atlantic and Southern Oceans, 
respectively. The heat budget values for the control experiment are based on the 6-member 
ensemble averages. For the reference experiment, the 6-member ensemble averages of the 424-
453, 524-553, 624-653, 724-753, 824-853, and 924-953 model years were used to obtain the 30-
year mean heat budget values. Similarly, the 6-member ensemble averages of the 456-465, 556-
565, 656-665, 756-765, 856-865, and 956-965 model years were used to obtain the 10-year mean 
heat budget values.

Table S2. Heat budget for the global ocean in the upper 700 m. The heat budget terms for the global ocean in the 
upper 700 m derived from the control experiment for 1971-2000 and 2003-2012, the 30-year mean and 10-year 
mean of the reference experiment and the differences (control experiment for 1971-2000 minus 30-year mean of the 
reference experiment; control experiment for 2003-2012 minus 10-year mean of the reference experiment) are 
shown. The unit is PW.

Heat budget terms
1971-2000 2003-2012

Control Reference Control –
Reference Control Reference Control –

Reference
QSTR 0.10 0.00 0.10 0.12 0.01 0.11
QNET 0.12 -0.02 0.15 0.19 -0.03 0.23
QSWR 59.51 59.34 0.17 59.46 59.36 0.10
QLHF -34.10 -33.75 -0.35 -34.48 -33.76 -0.72
QSHF -5.41 -5.57 0.16 -5.30 -5.58 0.28
QLDN 123.34 122.75 0.58 124.17 122.72 1.45
QLUP -143.11 -142.69 -0.42 -143.56 -142.68 -0.88
QADVV

-0.02 0.02 -0.04 -0.08 0.04 -0.12
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Table S3. Heat budget for the Indian Ocean in the upper 700 m. Same as Table S2, except for the Indian Ocean.

Heat budget terms
1971-2000 2003-2012

Control Reference Control –
Reference Control Reference Control –

Reference
QSTR 0.00 0.00 0.00 0.07 0.00 0.07
QNET 0.13 0.11 0.02 0.11 0.12 -0.01
QSWR 9.55 9.49 0.06 9.57 9.51 0.06
QLHF -5.99 -5.88 -0.11 -6.10 -5.88 -0.22
QSHF -0.64 -0.68 0.03 -0.63 -0.68 0.05
QLDN 17.89 17.81 0.07 18.01 17.81 0.12
QLUP 20.68 -20.65 -0.03 -20.74 -20.65 -0.09
QADVH (SOC to IND) -1.11 -1.12 0.01 -1.18 -1.11 -0.07
QADVH (PAC to IND) 0.96 0.97 -0.01 1.14 0.95 0.19
QADVV

0.02 0.04 -0.01 0.00 0.04 -0.04

Table S4. Heat budget for the Pacific Ocean in the upper 700 m. Same as Table S2, except for the Pacific Ocean.

Heat budget terms
1971-2000 2003-2012

Control Reference Control –
Reference Control Reference Control –

Reference
QSTR 0.02 0.00 0.02 -0.02 0.00 -0.02
QNET 0.82 0.81 0.02 0.93 0.79 0.13
QSWR 26.32 26.25 0.08 26.22 26.26 -0.04
QLHF -15.63 -15.50 -0.13 -15.69 -15.52 -0.18
QSHF -2.08 -2.12 0.04 -2.01 -2.12 0.11
QLDN 52.31 52.21 0.10 52.57 52.21 0.36
QLUP -60.08 -60.01 -0.07 -60.14 -60.01 -0.13
QADVH (SOC to PAC) 0.24 0.23 0.01 0.27 0.22 0.06
QADVH (IND to PAC) -0.96 -0.97 0.01 -1.14 -0.95 -0.19
QADVV

-0.09 -0.07 -0.02 -0.08 -0.06 -0.02

Table S5. Heat budget for the Atlantic Ocean in the upper 700 m. Same as Table S2, except for the Atlantic 
Ocean. 

Heat budget terms
1971-2000 2003-2012

Control Reference Control –
Reference Control Reference Control –

Reference
QSTR 0.05 0.00 0.04 0.00 0.00 0.00
QNET -0.31 -0.33 0.02 -0.29 -0.34 0.05
QSWR 12.72 12.71 0.01 12.72 12.72 0.00
QLHF -7.57 -7.53 -0.04 -7.66 -7.54 -0.12
QSHF -1.176 -1.20 0.02 -1.15 -1.20 0.05
QLDN 25.42 25.36 0.06 25.67 25.36 0.31
QLUP -29.65 -29.60 -0.04 -29.81 -29.61 -0.22
QADVH (SOC to ATL) 0.65 0.61 0.04 0.63 0.61 0.03
QADVV

-0.29 -0.28 -0.01 -0.34 -0.27 -0.07
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Table S6. Heat budget for the Southern Ocean in the upper 700 m. Same as Table S2, except for the Southern 
Ocean. 

Heat budget terms
1971-2000 2003-2012

Control Reference Control –
Reference Control Reference Control –

Reference
QSTR 0.04 0.00 0.04 0.06 0.00 0.05
QNET -0.46 -0.56 0.10 -0.50 -0.56 0.06
QSWR 10.54 10.54 0.01 10.58 10.54 0.04
QLHF -4.66 -4.59 -0.07 -4.78 -4.58 -0.20
QSHF -1.38 -1.45 0.07 -1.38 -1.45 0.07
QLDN 26.20 25.93 0.27 26.33 25.92 0.40
QLUP -30.91 -30.72 -0.19 -30.99 -30.72 -0.27
QADVH (ATL to SOC) -0.65 -0.61 -0.04 -0.63 -0.61 -0.03
QADVH (IND to SOC) 1.11 1.12 -0.01 1.18 1.11 0.07
QADVH (PAC to SOC) -0.24 -0.23 -0.01 -0.27 -0.22 -0.06
QADVV

0.28 0.28 0.00 0.29 0.28 0.00

As shown in Tables S3 and S4, the inter-ocean heat transport from the Pacific to the Indian 
Ocean via the Indonesian passages greatly increased during 2003-2012 (~ 0.19 PW). During the 
same period, the southward heat transport from the Indian Ocean to the Southern Ocean across 
34ºS increased (~ -0.07 PW; the negative indicates transport from the Pacific Ocean to the Indian 
Ocean) and thus slightly decreased the heat gain from the Pacific Ocean. In the Pacific Ocean, 
the increased inter-ocean heat transport from the Pacific to the Indian Ocean (~ -0.19 PW; the 
negative indicates transport from the Pacific Ocean to the Indian Ocean) was somewhat 
compensated by the increased northward heat transport from the Southern Ocean to the Pacific 
Ocean across 34ºS (~ 0.06 PW).

S.I.6. Discussion on the three sensitivity experiments
Additional sensitivity experiments (Methods) were carried out to further understand the relative 
importance of wind forcing from the different ocean basins in driving the ITF variability. Using 
real-time surface winds inside the Pacific Ocean and climatological winds outside of the Pacific 
Ocean (EXP_PAC), the abrupt increase of the Indian OHC700 during the 2000s was successfully 
simulated, whereas ensemble runs forced by real-time surface winds inside the Southern Ocean 
and climatological surface winds outside of the Southern Ocean (EXP_SOC) almost completely 
failed to reproduce the Indian OHC700 increase in the 2000s (Fig. 4a). 

Using real-time surface winds inside the Indian Ocean and climatological surface winds outside
of the Indian Ocean (EXP_IND), the ensemble runs captured the Indian OHC700 increase, 
although only a small fraction of it (Fig. 4a). In both EXP_PAC and EXP_IND, the heat budget 
also indicates that the inter-ocean heat transport carried by the ITF increased during 2003-2012, 
albeit more so in EXP_PAC than in EXP_IND (Fig. 4c). Therefore, these sensitivity experiments 
confirm that the anomalous surface wind fields in the Pacific and Indian Oceans are the key to 
increasing the ITF heat transport in the control experiment during 2003-2012.
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