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ABSTRACT

Tropical cyclone heat potential (TCHP) in the ocean can affect tropical cyclone intensity and intensification. In this paper,
TCHP change under global warming is presented based on 35 models from CMIP5 (Coupled Model Intercomparison Project,
Phase 5). As the upper ocean warms up, the TCHP of the global ocean is projected to increase by 140.6% in the 21st century
under the RCP4.5 (+4.5 W m−2 Representative Concentration Pathway) scenario. The increase is particularly significant in
the western Pacific, northwestern Indian and western tropical Atlantic oceans. The increase of TCHP results from the ocean
temperature warming above the depth of the 26◦C isotherm (D26), the deepening of D26, and the horizontal area expansion
of SST above 26◦C. Their contributions are 69.4%, 22.5% and 8.1%, respectively. Further, a suite of numerical experiments
with an Ocean General Circulation Model (OGCM) is conductedto investigate the relative importance of wind stress and
buoyancy forcing to the TCHP change under global warming. Results show that sea surface warming is the dominant forcing
for the TCHP change, while wind stress and sea surface salinity change are secondary.
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1. Introduction

The upper ocean sustains tropical cyclone (TC) develop-
ment by providing a considerable amount of heat and miti-
gating the sea surface cooling induced by the TC through up-
welling and turbulent mixing (Gray, 1979; Mei et al., 2015).
Tropical cyclone heat potential (TCHP) (Leipper and Volge-
nau, 1972) is a measure of the ocean heat content from the
surface down to the depth of the 26◦C isotherm (hereafter,
D26). Many studies have reported that the TCHP in the ocean
can affect TC intensity and intensification (e.g., Wada and
Usui, 2007; Wada and Chan, 2008; Goni et al., 2009). The
larger the TCHP, the more favorable the ocean conditions are
for TC intensification (Shay et al., 2000; Lin et al., 2008;
Goni et al., 2009; Wada et al., 2012).

The upper ocean heat content has been shown to have in-
creased in recent decades (Palmer et al., 2007; Domingues et
al., 2008; Ishii and Kimoto, 2009; Levitus et al., 2012). Lev-
itus et al. (2012) reported that the heat content of the global
ocean for the 0–700 m layer increased by 16.7±1.6×1022

J during 1955–2010. Consistently, using satellite measure-
ments, Pun et al. (2013) found the TCHP has increased by
10.0% due to the increase in D26 during the past two decades
in the western North Pacific Ocean. In a warming climate, the
upper ocean could take up half of the heat from the surface
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to 700 m by the end of the 21st century (Collins et al., 2013).
Thus, we expect an increase in TCHP in a warming climate.
The structure of the TCHP change, and what determines that
change, however, remains unknown.

In this study, the TCHP change under global warming is
analyzed based on 35 models from CMIP5 (Coupled Model
Intercomparison Project, Phase 5). Then, a suite of numer-
ical experiments with an OGCM is conducted to investigate
the relative importance of wind stress and buoyancy forcing
for the TCHP change under global warming.

2. Data and method

2.1. CMIP5 model outputs

The model outputs used in this study are from the CMIP5.
CMIP5 offers a multi-model perspective of simulated climate
variability and change (Taylor et al., 2012). Historical and
RCP4.5 (+4.5 W m−2 Representative Concentration Path-
way) simulations are used to describe the present-day climate
and warmer climate, respectively.

Climate change is represented by the difference in the
climatological mean between the last 25 years of the 21st
century (2076–2100; hereafter, RCP) and the last 25 years of
the 20th century (1976–2000; hereafter, HIS). The calcula-
tion is similar to that used in previous studies (e.g., Sobeland
Camargo, 2011). A total of 35 CMIP5 models are used in this
study (Table 1). Only one member run (“rlilp1”) is selected
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Table 1. The 35 CMIP5 models used in this study.

Model Institution, country

ACCESS1-0
ACCESS1-3

Commonwealth Scientific and Industrial
Research Organization (CSIRO)/ Bu-
reau of Meteorology, Australia

bcc-csm1-1
bcc-csm1-1-m

Beijing Climate Center, China Meteoro-
logical Administration, China

BNU-ESM College of Global Change and Earth Sys-
tem Science, Beijing Normal Univer-
sity, China

CanESM2 Centre for Climate Modeling and Analy-
sis, Canada

CCSM4 National Center for Atmospheric Re-
search (NCAR), USA

CESM1-BGC National Center for Atmospheric Re-
search (NCAR), USA

CESM1-CAM5 National Center for Atmospheric Re-
search (NCAR), USA

CMCC-CM
CMCC-CMS

Centro Euro-Mediterraneo per i Cambia-
menti Climatici, Italy

CNRM-CM5 Centre National de Recherches
Météorologiques, France

CSIRO-Mk3-6-0 CSIRO Climate Change Centre of Excel-
lence, Australia

EC-EARTH European Earth System Model Consor-
tium, Europe

FGOALS-g2
FGOALS-s2

Institute of Atmospheric Physics, Chi-
nese Academy of Sciences, China

GFDL-CM3
GFDL-ESM2G

NOAA/Geophysical Fluid Dynamics
Laboratory, USA

GFDL-ESM2M NOAA/Geophysical Fluid Dynamics
Laboratory, USA

GISS-E2-H-CC NASA Goddard Institute for Space Stud-
ies, USA

GISS-E2-R NASA Goddard Institute for Space Stud-
ies, USA

GISS-E2-R-CC NASA Goddard Institute for Space Stud-
ies, USA

HadGEM2-CC Met Office Hadley Centre, UK

HadGEM2-ES Met Office Hadley Centre, UK

IPSL-CM5A-LR L’Institute Pierre-Simon Laplace, France

IPSL-CM5A-MR L’Institute Pierre-Simon Laplace, France

IPSL-CM5B-LR L’Institute Pierre-Simon Laplace, France

MIROC5
MIROC-ESM-CHEM
MIROC-ESM

Japan Agency for Marine-Earth Sci-
ence and Technology, Atmosphere and
Ocean Research Institute, and National
Institute for Environmental Studies,
Japan

MPI-ESM-LR
MPI-ESM-MR

Max Planck Institute for Meteorology,
Germany

MRI-CGCM3 Meteorological Research Institute,
Tsukuba, Japan

NorESM1-M Norwegian Climate Centre, Norway

NorESM1-ME Norwegian Climate Centre, Norway

for each model. We use all 35 models to calculate the multi-
model average of each physical parameter. Each model is
re-gridded to a common grid before the multi-model average
is calculated. The common grid has a uniform 0.5◦× 0.5◦

resolution horizontally, and 50 levels vertically.

2.2. OGCM

The OGCM is the OPA (Océan Parallélisé) compo-
nent of the NEMO (Nucleus for European Modeling of the
Ocean) modeling framework (Madec, 2008). It is a dynamic–
thermodynamic model specifically designed for climate stud-
ies, with a global 1◦ resolution and a tropical refinement to
1/3◦. The model has 46 levels in the vertical direction, with
the layer thickness ranging from 6 m at the surface to 250 m
at the bottom. The model integration time step is 1 h.

To reach the quasi-equilibrium state, the model is first
integrated for 100 years using the forcing of climatologi-
cal monthly CORE2 (Coordinated Ocean-ice Reference Ex-
periments, version 2) data (Large and Yeager, 2009). Then,
the monthly wind stress, SST, and sea surface salinity (SSS)
fields from 1976 to 2100, from the CMIP 35-model ensemble
mean, are used to drive the ocean model. The SST and SSS
are strongly restored toward the CMIP5 fields, with a relax-
ation time scale of 20 days (for a 50 m layer). Five experi-
ments are conducted in the study (Table 2). The average of
the last 25 years of each experiment is used for analysis. The
differences between the four sensitivity experiments and the
control experiment are used to represent the TCHP change
forced by (1) the combined effects of wind stress, SST and
SSS change, (2) the effect of wind stress change, (3) the ef-
fect of SST change, and (4) the effect of SSS change, respec-
tively.

2.3. Method

In this study, TCHP is defined as follows, as in Leipper
and Volgenau (1972):

TCHP=
H

∑
h=0

ρhcp(Th −26)∆Zh , (1)

whereρh is the potential density of the sea water in each
layer,cp is the specific heat capacity at constant pressure,Th

is the ocean temperature in each layer,∆Zh is the thickness
of each layer,H is D26, andh is the number of a particular
vertical layer. WhenTh is below 26◦C, the TCHP in that layer
is assumed to be zero.

3. Results

3.1. Projected changes of TCHP in CMIP5

Figure 1a shows the climatological distribution (contours)
of the TCHP in the WOA13 (World Ocean Atlas, 2013)
dataset (Locarnini et al., 2013). The TCHP is high in the
Indo-Pacific warm pool area, with the maximum in the tropi-
cal central Pacific Ocean. The TCHP in the tropical Atlantic
Ocean is smaller than that in the tropical Pacific Ocean. Fig-
ure 1b shows the climatological distribution of the TCHP in
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Table 2. Forcing set for the NEMO-OPA experiments. An overbar means the monthly climatology from CMIP5 historical experiments
(1976–2000), and a prime means the change of each variable ineach year from 1976 to 2100 with respect to the mean of 1976–2000.

Forcing

Experiment name WIND (W ) SST (T ) SSS (S) Motivation

CTR W T S Control run
FULL-forcing W +W ′ T +T ′ S+S′ Response to global warming
WIND-only W +W ′ T S Role of wind stress change
SST-only W T +T ′ S Role of SST change
SSS-only W T S+S′ Role of SSS change

Fig. 1. (a) The TCHP (units: 108 J m−2) in WOA13 data (white contours) and the difference in TCHP
between the ensemble mean of the CMIP5 HIS simulation and WOA13 (color shading). (b) The TCHP
in the HIS simulation (white contours) and the change in TCHP(color shading). (c) The TCHP in RCP
(color shading), and the white contour lines of SST for 26◦C in the HIS simulation. Basin classification
is represented by black boxes. The seven ocean basins are: the North Indian Ocean (NIO); Northwest
Pacific (NWP); Northeast Pacific (NEP); North Atlantic (NAT); South Atlantic (SAT); South Indian
Ocean (SIO); South Pacific (SP).

HIS of CMIP5 (contours). Generally, the TCHP distribu-
tion from CMIP5 (Fig. 1b) is similar to the observation (Fig.
1a), although their differences are significant in some regions.
Their spatial correlation reaches 0.88. The TCHP magnitude
in CMIP5 is smaller than that in WOA13 in most regions
(Fig. 1a, shading), especially in the areas where the climato-
logical TCHP is large, e.g., the Indo-Pacific warm pool area
and the western tropical Atlantic Ocean. Smaller TCHP in

CMIP5 is also found in the Northwest Pacific Ocean around
15◦N. Globally, the TCHP in CMIP5 underestimates the ob-
served TCHP by 9.8%. This underestimation may be par-
tially due to the cold SST bias in the tropical ocean in CMIP5
(Wang et al., 2014).

The high correlation between the historical experiments
and observations suggests that the ensemble mean of the
CMIP5 models can be a useful dataset for the projection of
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TCHP under climate change. Figure 1b shows the TCHP
change in CMIP5 between the RCP and HIS simulations
(shading). As the upper ocean warms up, the TCHP increases
globally. The increase is particularly significant in the west-
ern Pacific, northwestern Indian, and western tropical At-
lantic oceans. Globally, the TCHP increases by 129.4%. The
change magnitude varies with ocean basin. The magnitude of
increase for the North Atlantic and South Atlantic oceans can
reach 312.9% and 287.1%, respectively. The South Pacific
Ocean has the smallest magnitude of increase, at 104.4%.
The magnitudes of TCHP change in the rest of the basins
are as follows: Northeast Pacific (163.3%); Northwest Pacific
(108%); North Indian Ocean (136.1%); South Indian Ocean
(122.1%). Figure 1c shows the TCHP in RCP. As the SST
warms up, the 26◦C SST contour line extends a few degrees
poleward. The horizontal area of SST above 26◦C increases
by 30.7% in RCP with respect to HIS. Adding the area expan-
sion part, the TCHP of the global ocean increases by 140.6%
in RCP with respect to HIS.

To better understand the TCHP change under global
warming, we decompose it into three parts (Fig. 2) as fol-
lows:

∆TCHP= TCHP(∆T,HHIS)+TCHP(TRCP,∆H)+

I II
TCHP(TRCP,HRCP)AreaExpansion.

III

Fig. 2. D26 distributions (units: m) along 160◦E in the HIS and
RCP simulations. The numerals I–III indicate the three parts
of TCHP change: the ocean temperature warming above D26,
the deepening of D26, and the horizontal area expansion of SST
above 26◦C.

The three parts describe the TCHP change due to tem-
perature change above D26 (term I), the D26 deepening(term
II), and the horizontal area change (term III). Figure 3 shows
the three parts of the TCHP change. The TCHP increases
significantly due to the ocean warming above D26 (Fig. 3a).
The spatial pattern is very similar to the total TCHP change
(Fig. 1b), characterized by a significant increase in the west-
ern Pacific, northwestern Indian, and western tropical At-

Fig. 3. TCHP change (units: 108 J m−2) due to (a) the ocean temperature warming above D26, (b) the deepening
of D26, and (c) the horizontal area expansion of SST above 26◦C.
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lantic oceans. On average, this part of the TCHP change
accounts for 69.4% of the total TCHP change, suggesting
ocean warming above D26 is the most important part in total
TCHP change. The warming of ocean temperature also deep-
ens D26, and enlarges the horizontal area of SST above 26◦C
(Figs. 3b and c). The TCHP changes due to the deepening
of D26 and due to the area expansion account for 22.5% and
8.1% of the total TCHP change, respectively.

Although the ensemble mean provides some useful in-
formation on TCHP change, it is necessary to examine the
TCHP change in individual models. Figure 4 shows the
global total TCHP and its changes based on the results of both
individual models and their ensemble mean. The ensemble-
mean TCHP is close to the observation, although the former
is relatively smaller than the latter (also shown in Fig. 1a).
For individual models, the TCHP ranges from 1.30×1022 J
(EC-EARTH) to 5.89×1022 J (CESM1-BGC). As the global
ocean warms up, the TCHP is projected to increase in all
models. Generally, the TCHP change is proportional to the
total TCHP, with a linear fit slope of 0.4. We also calculated
the TCHP and its change in individual ocean basins for these
models. All ocean basins demonstrate similar features (not
shown).

Fig. 4. Scatter plot between the global total TCHP (units: 1022 J)
and its change for the 35 CMIP5 models. The ensemble mean
is plotted as a black dot. The red line indicates the total TCHP
in WOA13. The blue line is the linear fit.

3.2. Forcing mechanisms

Here, we use an OGCM to test the impact of wind stress,
SST and SSS on TCHP change under global warming. Figure
5a shows the spatial pattern of TCHP change in the FULL-

Fig. 5. Changes of TCHP (units: 108 J m−2) in different OGCM experiments forced
by (a) wind stress, SST and SSS change; (b) SST change only; (c) wind stress change
only; and (d) SSS change only.
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forcing experiment. The pattern is quite similar to the en-
semble mean of CMIP5 (Fig. 1b). They both show that the
TCHP increases in all regions, but with larger magnitudes in
the western Pacific, northwestern Indian, and western tropi-
cal Atlantic oceans. Generally, the OGCM captures the main
features of the TCHP response to climate change in CMIP5.
The OGCM experiment forced only by SST change (Fig. 5b)
also reproduces the results of the FULL-forcing experiment
(Fig. 5a). Their spatial correlation reaches 0.95, with almost
the same magnitude. Compared to the SST-only experiment,
the TCHP changes in the WIND-only and SSS-only experi-
ments are weak (Figs. 5c and d). The TCHP change in the
four sensitivity experiments are 4.15×1022 J, 4.24×1022 J,
−5.99× 1020 J, and 2.47× 1019 J, respectively. These ex-
periments highlight the dominant role of SST forcing in the
TCHP response to global warming.

4. Summary and discussion

The TCHP change under future global warming was in-
vestigated based on 35 CMIP5 models. As the upper ocean
warms up, the TCHP increases globally. The increase is par-
ticularly significant in the western Pacific, northwestern In-
dian, and western tropical Atlantic oceans. The TCHP of the
global ocean is projected to increase by 140.6% under the
RCP4.5 scenario. Further analysis showed that the projected
increase of TCHP mainly results from the ocean warming
above D26, which accounts for 69.4% of the total change.

A suite of OGCM experiments was conducted to inves-
tigate the relative importance of wind stress and buoyancy
forcing to the TCHP change under global warming. The ex-
periments showed that SST forcing is dominant in the TCHP
response to global warming. The effects of wind stress and
SSS on TCHP change are secondary.

Although SST plays an important role in TC genesis, the
ocean heat content, e.g., TCHP, has been shown to play a
more important role in TC intensity and intensification (Shay
et al., 2000; Wada and Usui, 2007; Goni et al., 2009). The
projected increase of TCHP under global warming suggests
the ocean may become more favorable for TC intensification,
although it is still highly debated as to whether the accom-
panying changes in the ocean subsurface temperature profile
may partially oppose this effect (Knutson et al., 2013; Huang
et al., 2015). Meanwhile, the long-term effect of increased
TC intensity can in turn further strengthen the ocean warm-
ing by pumping heat into the ocean, possibly leading to posi-
tive feedback (Emanuel, 2001; Sriver and Huber, 2007; Mei,
2013).
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