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ABSTRACT

The power dissipation index (PDI), which is defined as the sum of the cube of tropical cyclone (TC) maximum
wind speed during TC lifetime, is widely used to estimate the TC destructive potential. However, due to the lack of
high-resolution observations, little attention has been paid to the contribution of TC size change to TC destructive po-
tential in response to ocean warming. In this study, sensitivity experiments are performed by using the high-resolu-
tion Weather Research and Forecasting (WRF) model to investigate the responses of TC size and TC destructive po-
tential to prescribed sea surface temperature (SST) increase under the present climate condition. The results show that
TC size increases with the ocean warming. Possible reasons for TC size change are investigated with a focus on the
outer air—sea moisture difference (ASMD). As SST increases, ASMD in the outer zone of the TC is larger than that in
the inner zone, which increases the surface entropy flux (SEF) of the outer zone. This change in the radial distribu-
tion of SEF causes the increase of tangential wind in the outer zone, which further increases SEF, resulting in a posit-
ive feedback between outer-zone SEF and outer-zone tangential wind. This feedback leads to the increase of the ra-
dius of gale-force wind, leading to the expansion of TC size. Moreover, to estimate the contribution of TC size
change to TC destructiveness, we calculate TC size-dependent destructive potential (PDS) as the storm size informa-
tion is available in the model outputs, as well as PDI that does not consider the effect of TC size change. We find that
PDS increases exponentially as SST increases from 1 to 4°C, while PDI increases linearly; hence the former is soon
much greater than the latter. This suggests that the growth effect of TC size cannot be ignored in estimating destruc-
tiveness under ocean warming.
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1. Introduction

Impact of global warming on tropical cyclone (TC)
properties and activities in terms of duration, frequency,
intensity, and size remains a hot topic (Chan and Liu,
2004; Li et al., 2010; Walsh et al., 2015). Due to the
large natural variability in TC activity over the western
North Pacific (WNP) and the difficulty of quantifying the

contribution to changes of TC activity by natural variab-
ility with relatively short observation records, debates
continue regarding whether or not the observed TC activ-
ity changes are linked to global warming (Webster et al.,
2005; Klotzbach, 2006; Walsh et al., 2015).

It is known that global warming impacts TC activity
mainly via the ocean, specifically via sea surface temper-
ature (SST) (Lighthill et al., 1994; Deo et al., 2011,
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Bacmeister et al., 2018; Li and Sriver, 2018) and upper-
ocean heat content (Lin et al., 2013; Trenberth et al.,
2018). The US Climate Change Science Program 3.3 re-
port noted that “human-induced greenhouse gas in-
creases have very likely contributed to the increase in
SSTs in hurricane formation regions” (Knutson et al.,
2010). Due to limited observation data length on TCs,
many studies on the impact of global warming on TC
activity were carried out using global or regional models,
including using the model outputs of the Coupled Model
Intercomparison Project phase 5 (CMIPS). For future
projections of TC activity, we only have model outputs.
CMIP5 archives the outputs of about 30 coupled general
circulation models (GCMs); in most cases, each model
provides outputs from a historical run and two future
warming scenarios (representative concentration path-
ways 4.5 and 8.5, namely, RCP4.5 and RCP8.5) (Taylor
et al.,, 2012). Zhang and Wang (2017) used a pseudo
global warming method to investigate future projections
under RCP4.5 and RCP8.5. Their results indicated that in
a warmer climate, the number of strong TCs in the Pa-
cific Ocean would increase. However, the low resolution
of climate models cannot resolve the structure of TC in-
ner core. Therefore, studies on how ocean warming will
affect TC size are limited.

Some recent studies indicated that the change of TC
size due to ocean warming is not negligible. Radu et al.
(2014) pointed out that TC size increases proportionally
to the surface latent heat flux as air temperature and SST
increase, which was based on a high-resolution model
simulation of one TC case. Wang et al. (2015) presented
a physically based analytic model to characterize the
wind profile of TC. In their simulations, TC size was
sensitive to SST increase and to the initial vortex struc-
ture. Chavas et al. (2016) indicated that the mean TC size
increases systematically with relative SST (defined as the
difference between local SST and tropical mean SST).
Sun et al. (2013, 2014) noted that TC size increases obvi-
ously as SST increases, based on case studies. However,
due to the relatively coarse resolution (20 km) in their re-
gional climate model, the storm structure was not well
resolved; thus, it was impossible to explain the change of
TC size using the dynamic and thermodynamic pro-
cesses of the storm structure, which are vital to the
change of TC activities. Sun et al. (2017a) suggested that
the increase of TC size due to SST increase may play a
critical role in the estimated change of size-dependent de-
structive potential; however, the influence of TC track on
TC size could not be excluded in their experiments as the
simulated TC turned northward earlier as SST increased.

Besides, studies have illustrated that the effects of in-
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ner and outer regions on TC intensity and size are differ-
ent. Chan and Chan (2015) examined that inner-core-in-
duced intensification mainly results from the inner-core
dynamics. Xu and Wang (2010a) showed that surface en-
tropy flux (SEF) further outward contributes little to TC
intensity. Sun et al. (2014) illustrated that the increase of
outer SST reinforces the activity of outer spiral rain-
bands, which makes the outer SST responsible for smal-
ler change in TC intensity. Hill and Lackmann (2009) re-
ported that latent heat release in outer rainbands can res-
ult in the expansion of outer wind field. Thereby, large-
scale ocean warming is likely to affect the convection in
the outer region (e.g., outer spiral rainbands) and thus
may eventually lead to the increase of TC size. However,
this needs to be further scrutinized by using high-resolu-
tion data before we can have high confidence on such a
conclusion. In this study, we design a set of high-resolu-
tion (3 km) sensitivity experiments using an atmosphere
model and present-day climatological state, to study the
impact of ocean warming on TC destructive potential
considering TC size change, and to reveal related mech-
anisms behind the TC size change during the dynamic
and thermodynamic processes of storm structure deve-
lopment.

The paper is organized as follows. Data, model, and
experimental design are briefly introduced in Section 2.
The results of our model simulations and analyses are
presented in Section 3. Finally, a short summary and dis-
cussion are given in Section 4.

2. Data, methods, and model configuration

The Weather Research and Forecasting (WRF-ARW)
model (version 3.8.1) is used to examine the sensitivity
of TC size and destructive potential to SST increase in
the WNP. The model is configured with three domains of
horizontal resolutions of 27, 9, and 3 km, respectively,
with the same 41 levels in the vertical. The first domain
(d01) is centered at (30°N, 140°E) with 299 x 249 grids,
which covers nearly the entire WNP; the second domain
(d02) has 211 x 211 grids, and the third domain (d03)
has 300 x 300 grids covering majority of the TC region.
Note that the second and third domains automatically fol-
low the movement of the model storm center via an auto-
matic vortex-following algorithm. The model domains
are shown in Fig. 1a.

The control experiment (CTRL) is initialized with a
10-yr (2001-2010) seasonal (July—November) mean cli-
matology. The 1° x 1° NCEP Final Analysis (FNL) data
are used to calculate the climatology. The SST in the
sensitivity experiments is spatially uniformly increased
by 1, 2, 3, and 4°C in all three domains with respect to
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Fig. 1.
in (a) represents the initial tropical storm location.

CTRL, which are referred to as Exps Eggri1, Essrios
Egst43, and Eggry4, respectively. Then, using the Bogus
scheme that comes with the WRF model, we add a Rank-
ine vortex as the tropical storm centered at (16.1°N,
139.6°E), which has a radius of 90 km and a maximum
sustained wind speed of 12 m s™!. This location is chosen
because it is the 10-yr mean site for TC genesis in the
WNP during the TC season of July—November. The first
and second domains of the model include a WRF single-
moment 6-class (WSM6) microphysics scheme (Hong et
al., 2004), the Kain—Fritch convective scheme (Kain,
2004), the Goddard scheme for shortwave radiation pro-
cesses (Chou and Suarez, 1994), and the Rapid Radiat-
ive Transfer Model (RRTM) for longwave radiation pro-
cesses (Mlawer et al., 1997). The third domain uses the
same settings except for the cumulus parameterization
scheme. Note that the design of this study is different
from that of Sun et al. (2017a). In this study, we use
idealized cases based on the present-day climatology,
which is expected to draw more universal conclusions
about the impact of ocean warming on TC size change
and destructiveness; whereas simulations of real cases
are carried out in Sun et al. (2017a).

The TC destructive potential is a better parameter to
represent the potential of TC destruction than TC intens-
ity or TC frequency when used alone. In previous stud-
ies (Emanuel, 2005; Sun et al., 2017a), both power dis-
sipation index (PDI) and TC size-dependent destructive
potential (PDS) were used to estimate TC destructive po-
tential. Note that PDS is a TC destructive potential index
that considers TC size. The PDI is defined as the sum of
the cube of maximum wind speed during the lifetime of
the TC [Eq. (1)]. The PDS is calculated by using gale-
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(a) WRF nested domain configuration for idealized simulations and (b) storm tracks of all experiments. Note that the red storm symbol

force (> 17 m s™!) wind near the TC core and over the TC
lifetime [Eq. (2)]. The advantage of using the PDS is that
it takes into account the impact of TC size on the basis of
the PDI. In the past, there were no reliable long-term re-
cords on TC size due to the lack of measurement tools.
As a result, it was difficult to consider TC size as part of
the PDI. Thanks to high-resolution numerical model out-
puts, we can now see the inner structure of TC and estim-
ate TC size properly. In this study, we use high-resolu-
tion model outputs to calculate PDI and PDS as follows:

PDI:I (1)

T A() 3
PDS = fo jo CoplVIPdAdt,

v3 de,

max

2)

where Viyax 1S 10-m maximum sustained wind speed, |V/|
is the magnitude of 10-m surface wind, p is surface air
density, G, is surface drag coefficient, Ao is the area of
gale-force wind, and 7 is the lifetime of the TC.

Although PDI and PDS can be directly calculated with
the high-resolution model outputs, the aim of this study
is to not only obtain these values but also further quan-
tify the contributors to the changes of PDI/PDS. Emanuel
(2007) inferred that PDI can be deconvolved into two
terms, i.e., In(PDI) = In(L) + In(), where L is rescaled TC
lifetime [defined in Eq. (3) below] and [ is rescaled TC
intensity [defined in Eq. (4)]. Following this idea, Sun et
al. (2017a) added a term to calculate the contribution of
TC size to PDS as, In(PDS) = In(L) + In(J) +In(S ), where S
is rescaled TC size defined in Eq. (5).

f 0 Vmax dt

Vsmax

, 3)
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Here, Vimax 1s lifetime peak intensity of the TC. Through
rescaling TC lifetime, intensity, and size using Vypax, We
have a more unified and standardized way to character-
ize the TCs of different duration, strength, and size at
various moments, though this is not optimal (Emanuel,
2007). Based on Eqgs. (1)—~(5), we can estimate the relat-
ive contributions of L, I, and S to PDS changes.

3. Results

3.1 Change of TC size under ocean warming

As the SST increases uniformly by 1 to 4°C, both in-
creased maximum wind speed (MWS) and reduced min-
imum sea level pressure (MSLP) indicate that the TC
turns stronger with increasing SST, and that the time to
reach the maximum intensity is shorter (Figs. 2a, b), al-
though the tracks in these experiments are similar (Fig.
1b). Note that there are different ways to measure TC
size. In this paper, we use the radius where the azi-
muthally-averaged 10-m sustained wind exceeds 17 m
s ' (R17) to determine TC size. As can be seen in Fig. 2c,
the TC size increases with SST. This is consistent with
the case-study results of Sun et al. (2017b), which
showed that the ACI (the area contained within the outer-
most enclosed isobaric line at the surface) and A17 (the
area under R17) increase with SST.

TC size can be seen from surface wind profile, and is
determined by TC intensity (i.e., MWS), TC inner size
[i.e., the radius of maximum wind (RMW)], and the ou-
ter slope. Figure 3 demonstrates the time-averaged wind
profile at 10-m during the TC mature stage, which is
defined as the period when the maximum 10-m wind
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speed is close to its lifetime maximum 10-m wind speed.
As SST increases, TC intensity in the sensitivity experi-
ments is greatly enhanced compared to that in CTRL. As
expected, the TC outer size, in terms of the radius of
gale-force wind (17 m s™'), increases significantly with
the increase of SST. As is shown, the wind profile is not
particularly smooth in the outer area of TC, because the
wind speed in the outer zone is not only related to the
MWS, but also affected by the convection in the outer
zone; that is, the development of convection in the outer
zone will also affect the area covered by the gale-force
wind (this area is referred to as A17). In summary, in the
wind profile diagram, except for TC intensity, the wind
outside the RMW is an important reason for TC size in-
crease with ocean warming. Next, we will study how
ocean warming affects TC size via changing outer wind
profile.

Emanuel (1986) pointed out that the heat transfer from
the ocean to the atmosphere plays an important role in
determining TC convection intensity and the extent of its
eyewall, which ultimately affects the strength and size of
the TC. In our sensitivity runs, the SST is increased uni-
formly over the whole WNP. The SST increases by
1-4°C, which theoretically allows the atmosphere to ob-
tain more SEF from the ocean, where SEF is the sum of
latent heat (LH) and sensible heat (SH) fluxes. We study
how the difference in SST will affect TC size when all
other conditions are kept the same. Different SSTs could
lead to changes not only in temperature difference but
also in moisture difference between ocean surface and
the air above, which then cause changes to SEF. It is
noteworthy that previous studies have mentioned the ef-
fects of SST, SEF, and air-sea moisture difference
(ASMD) on TC intensity, but seldom paid attention to
the effect of ocean warming on TC outer convection and
thus outer wind that eventually leads to the increase of
TC size. We divide SST into SST in the inner region and
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that in the outer region to explain possible mechanism,
and emphasize the impact of inner SST on TC intensity

near the radius of 100-200 km, and increases with time.
The increased SEF near the eyewall favors the develop-
ment of TC during its intensifying period. In the sensitiv-
ity experiments of Eggri1, Egs112, Egg143, and Eggriy, fol-
lowing the increase of SST, the simulated SEF not only
becomes larger but also wider, eventually contributing to
a stronger TC through inputting more energy into the TC
eyewall (inner region) and a larger TC through inputting
more energy into the TC outer spiral rainbands (outer re-
gion). This can be easily found in Fig. 4f, which shows
that warmer experiments with more SEF in the inner and
outer regions have a more favorable condition for the de-
velopment and expansion of TC with respect to CTRL.
Next, we discuss the impact of ocean warming on
SEF. The SEF (i.e., the sum of LH and SH fluxes) is con-
trolled by three variables: (1) the temperature difference
between surface ocean and the air above, (2) the mois-
ture difference between surface ocean and the air above,
and (3) surface wind speed (Malkus and Riehl, 1960).
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Fig. 4. Temporal-radial distributions of azimuthally-averaged surface entropy flux (SEF; 10> W m2) from (a) CTRL and (b—e) Esgr+1, Egsrios
Egsti3, and Eggriy, respectively. The panel (f) shows the difference between Eggr.4 and CTRL (Eggr4 minus CTRL).
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During the initial period, the differences in wind field
among different experiments are small. The difference in
LH and SH is mainly due to air—sea moisture difference
and air-sea temperature difference (ASTD). With the
uniform increase of SST, both ASMD and ASTD in-
crease at the same time in the inner and outer regions of
the TC, so the SEF in the inner region and that in the ou-
ter region will increase significantly. Since LH is much
larger than SH, we focus on the ASMD that affects LH
rather than the ASTD that is closely related to SH. For
the warmer SST experiment (i.e., Eggri4), the ASMD is
larger than that in CTRL at the initial time due to the
large increase in SST (see Figs. 5Sa—e). During the period
of TC developing into its maturity (i.e., 30-70 h), the
ASMD distributions in the inner and outer regions are
changing. The difference map of Eggr4 and CTRL (Fig.
5f) shows that the ASMD difference in the outer area is
significantly larger than that in the inner area. The rea-
son for the pattern difference of ASMD is that specific
humidity at 2 m is larger in the inner zone than in the
outer zone because air inflow transports a large amount
of water vapor to the inner region (figure omitted).
Through the ocean’s energy input into the atmosphere
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(namely, SEF), the convection outside the TC is gradu-
ally developed, the local near-surface pressure becomes
lower, the local horizontal pressure gradient increases,
and thus the horizontal tangential wind in the outer re-
gion is enhanced (see Fig. 6), which then feeds back to
the SEF for further increase, forming a positive feedback.
This makes the convection in the TC outer region deve-
lop rapidly, which leads to an increase in TC size.
However, the ASMD in the outer area of CTRL is small,
which is not enough to excite strong convection in the
outer zone; so, there is no positive feedback favorable for
increasing TC size. The azimuthally-averaged convect-
ive available potential energy (CAPE) in the mature stage
is plotted (Fig. 7). CAPE in CTRL and Eggt,; shows low
energy in both inner and outer regions. While CAPE val-
ues in the warmer SST experiments show more convec-
tion energy in the inner and outer regions, with CAPE
being generally larger than 2400 and 3000 J kg !, re-
spectively. However, the effects of CAPE in the inner
and outer regions are different. CAPE (Fig. 7) in the in-
ner region is an important reason for TC intensity. The
detached inner CAPE can be a trigger for deep convec-
tion and further promote TC enhancement. Outer spiral
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rainbands can be reorganized if the ambient outer CAPE
is large, which means that the enhanced CAPE is thermo-
dynamically helpful for maintaining the convection in the
outer region.

Although the increase of SST favors both TC intens-
ity and size simultaneously, TC size and TC intensity are
quite independent in the inner and outer regions; that is,
TC size is only weakly correlated with TC intensity (Liu
and Chan, 1999). On the one hand, the increase of SEF
will increase TC intensity by enhancing the convection
near the inner eyewall. On the other hand, SEF will facil-

itate the convection development in the outer zone and
thus increase TC size. Specifically, the SST increase in
the outer zone makes the stratification there unstable,
which is conducive to the development of convection. As
shown by the temporally averaged vertical velocity (con-
tour) in Fig. 8, in addition to the strong ascending mo-
tion in the TC inner region, the sensitivity experiments
under warmer SSTs also show ascending motion in the
outer region of the TC. In the warmer SST experiments,
when the TC develops into its maturity stage, convection
occurs in the outer zone. Correspondingly, outer spiral
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rainbands (Figs. 9c—e) gradually develop in the warmer
experiments. In Fig. 9, TC size can also be seen to in-
crease with the increased SST according to maximum re-
flectivity. When the SST in the outer region is warmed
up and SEF is increased, more water vapor and heat are
transported from the ocean into the atmosphere, which
makes the outer region more unstable, and there is a con-
vergence in the lower layer, which is beneficial to enhan-
cing the inflow. Xu and Wang (2010a) pointed out that
the increase in inflow will increase the tangential wind,
which further enhances SEF.

Many studies (e.g., Xu and Wang, 2010b; Stovern and
Ritchie, 2016) have shown that the radial distribution of
SEF contributes greatly to tangential wind, and that the
increase of tangential wind further enhances SEF, which
forms a positive feedback. This positive feedback mech-
anism can be used to explain why TC size increases with
ocean warming. As shown in Figs. 4, 8, the SEF in the
outer zone is larger in the sensitivity experiments than in
CTRL, the radial inflow develops due to the convection
in the outer zone, and a high-value area appears in the vi-
cinity of 400-500 km. All these contribute to the expan-
sion of tangential wind (Fig. 6), which is beneficial to the
expansion of wind strength-related radius and therefore
the increase of TC size.

To further understand the processes associated with
TC size change, we conduct azimuthal-mean tangential
wind budget following Persing et al. (2002) and Wang et
al. (2016). The budget equation can be written as,

o’ O ——— OV

i —ug’abs—wa—z—u s W 8_z+F’
where u, v, and w are the radial, tangential, and vertical
winds, respectively; Zaps 1s absolute vorticity; and F in-
cludes friction and vertical mixing. The overbar denotes
azimuthal mean, and the prime denotes deviation from
the azimuthal mean. The five terms on the right-hand
side of Eq. (6) are mean radial advection, mean vertical
advection, eddy radial advection, eddy vertical advection,
and friction, respectively.

The azimuthal-mean tangential wind budget is com-
puted during the TC size change period from 48 to 54 h
(Fig. 10). The left column of Fig. 10 represents the total
tangential wind tendency, and the right column repres-
ents mean radial advection. Clearly, the tangential wind
tendency is mainly contributed by azimuthally mean ra-
dial advection, and the other terms have negative contri-
butions or are small in magnitude (not shown). The mean
radial advection accelerates the tangential wind in the
lower troposphere, but decelerates the tangential wind in
the inner region above the inflow. With SST increasing,

(6)
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the mean radial advection in the boundary layer becomes
larger. The maximum range is expanded from 100 to
200 km, which is favorable for the increase of tangential
wind tendency according to Eq. (6). As a result, the TC
size increases.

3.2 Sensitivity of PDI and PDS to ocean warming

Here, we focus on the impact of ocean warming on
PDI and PDS changes. Figure 11 shows the changes in
PDI and PDS as well as the rescaled TC lifetime (L), in-
tensity (/), and size (S) in response to SST increase. With
the linear increase of SST, the growth rates of PDI and
PDS differ, which is consistent with the results of Sun et
al. (2017a). The growth rate of PDS is larger than that of
PDI: PDI increases linearly at approximately 0.3 x 10"
m?> 572 per 1°C SST increase, while PDS increases expo-
nentially at about 45% per 1°C SST increase. Consistent
with Figs. 2, 3, 9, the rescaled TC intensity / and size S
both increase in response to increasing SST, with the
change rate of S more prominent; while the rescaled TC
lifetime L maintains or slightly decreases in the sensitiv-
ity experiments. Many theoretical and experimental stud-
ies have shown that ocean warming will increase TC size
(e.g., Sun et al., 2013, 2014, 2017a; Radu et al., 2014;
Wang et al., 2015). Thus, the change in TC size should
be considered when estimating potential destruction of
TC in the context of global warming.

Table 1 lists the relative contributions to PDS by dif-
ferent terms/factors with respect to CTRL. The method
of calculating the relative contributions is introduced by
Emanuel (2007) and used by Lin et al. (2015) and others.
The percentage in the table shows the contribution of an
individual factor to the increase of potential destructive
power when TC size change is considered. Clearly, the
relative contribution by rescaled TC size dominates those
by rescaled TC lifetime and intensity. Specifically, when
SST increases by 1-4°C, the relative contribution to PDS
by rescaled TC lifetime (L) is negative, while those by
rescaled TC intensity (/) and rescaled TC size (S) are
positive. More importantly, the contribution by rescaled
TC size is always greater than 70%.

The increase of term S is the main reason for the in-
crease of PDS under warmer SST, while the contribution
of terms L and / to the increase of PDS varies. There are
significant changes of different terms/factors between
SST increase of 1°C and that of 2°C. When the SST is
increased by 1°C, the decrease in term L has a greater
contribution to the increase in PDS, and the contribution
of term [/ reaches about 50%. When the SST is increased
by 2°C, the change is more obvious. Term L has almost
no contribution to the increase of PDS, and the contribu-
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Fig. 10. Height-radius cross-sections of diagnosed tangential wind tendency (sum of the five terms; m s™' h™!) averaged from 48 to 54 h during
the TC size change period for CTRL, Eggry1, Esst42, EssTe3, and Eggri4 (left panels). Right panels are the same as the left panels, except for mean

radial advection (ms ' h™").
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Table 1. Contributions to PDS change by different terms/factors with
respect to CTRL. ASST is SST change. Specifically, the relative con-
tribution of term L, for example, is computed as [In(Lg) — In(Lc)]/
[In(PDSE) — In(PDS()], in which subscripts  and - denote sensitivity
and control experiment, respectively

Contribution (%) to PDS change

Exp. ASST (*C) Term L Term / Term S
Essti1 1 -24.9 50.1 74.8
Essta 2 -34 29.8 73.5
Esstis 3 5.5 33.7 71.8
Esstia 4 -6.7 354 71.3

tion by term / is reduced by about 20%. After every 1°C
increase in SST for SST increase range of 3—4°C, the
contributions of terms L and S are almost unchanged. In
summary, TC size plays a major role in the increase of
PDS, while the contributions of TC lifetime and intens-
ity are small.

A schematic diagram (Fig. 12) is drawn to illustrate
possible mechanisms for the increase of TC destructive
potential (i.e., PDI and PDS) under ocean warming. In-
creasing SST uniformly by 1-4°C in the entire WNP will
increase inner and outer ASMD and thus SEF, especially
those in the outer region. The increase of SEF in the in-
ner region will increase TC intensity by enhancing the
convection near the eyewall, while the increase of SEF in
the outer region will cause the development of outer con-
vection. Through the positive feedback of outer SEF and
wind speed, TC size increases, which causes TC de-
structive potential to grow exponentially. Further, TC
size change affects TC destructive potential change. It is
worth noting that the idealized experiments based on the
present-day climatology can more reasonably and univer-
sally explain the mechanism of TC size change under
ocean warming compared with the experiments using
real TC cases.

4. Summary and discussion

We design CTRL and four sensitivity experiments to
investigate TC response to SST increase under the
present-day climate condition, with a focus on TC poten-
tial destructiveness. The goal of this study is to shed light
on possible effects of ocean warming and thus global
warming on TC activity and destructiveness. According
to the calculation of PDS, the increase in TC size in re-
sponse to SST increase is the main factor causing an ex-
ponential increase in TC potential destructiveness. The
mechanism behind the increase in TC size due to SST in-
crease is critical to our understanding of the impact of
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ocean warming on TC potential destructiveness. Ocean
warming will increase ASMD during the initial develop-
ment stage of TC, especially for ASMD in the outer re-
gion. When the TC develops, ASMD between CTRL and
Egsri4 (Esgrig minus CTRL) shows that after 30 h of in-
tegration, ASMD in the periphery of the TC is larger than
that in the interior, which expands the TC convective
zone outward. For the simulations with larger SST in-
crease, ASMD in the outer zone increases the SEF of the
TC by transferring energy upwards. The radial distribu-
tion of SEF will make the tangential wind stronger via
diabatic heating, thus facilitating the expansion of gale-
force wind radius; eventually, the TC size increases.
Simultaneously, the increase of SEF will increase TC in-
tensity by enhancing the convection near the eyewall,
which makes a linear increase in TC potential destruct-
iveness. Previous studies indicated that TC intensity, and
thus its size, is sensitive to increased SST due to in-
creased SEF and thus stronger latent energy transfer in-
putting into the TC inner region (e.g., TC eyewall), but
they ignored the weak statistical relationship between TC
intensity and TC size and did not realize the importance
of SEF spatial distribution on TC size. In this study, we
mainly focus on ASMD in the outer region and thus the
increased outer tangential wind. We emphasize the ef-
fect of ocean warming on the radial distribution of
ASMD, TC outer convection, outer tangential wind, and
thus the increase of TC size.

When considering the impact of global warming on
TC activity, the change of TC size is important, as
demonstrated here once again. In recent years, thanks to
the improvement of observational methods, some met-
eorological agencies have begun to include TC size data
to their observation data collection, which will greatly
help estimate TC destructive potential more accurately.
Global warming is more than just ocean warming; it
changes large-scale circulation fields as well. Possibly,
the change of TC destructive potential will be a little dif-
ferent under global warming when using CMIP5 model
outputs as initialization conditions, which is not con-
sidered in this study and will be investigated in future.
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