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ABSTRACT

It has been challenging to project the tropical cyclone (TC) intensity, structure and destructive potential changes in a
warming climate. Here, we compare the sensitivities of TC intensity, size and destructive potential to sea surface warming
with and without a pre-storm atmospheric adjustment to an idealized state of Radiative-Convective Equilibrium (RCE).
Without RCE, we find large responses of TC intensity, size and destructive potential to sea surface temperature (SST) changes,
which is in line with some previous studies. However, in an environment under RCE, the TC size is almost insensitive to SST
changes, and the sensitivity of intensity is also much reduced to 3% °C~'—4% °C~!. Without the pre-storm RCE adjustment,
the mean destructive potential measured by the integrated power dissipation increases by about 25% °C~! during the mature
stage. However, in an environment under RCE, the sensitivity of destructive potential to sea surface warming does not change
significantly. Further analyses show that the reduced response of TC intensity and size to sea surface warming under RCE
can be explained by the reduced thermodynamic disequilibrium between the air boundary layer and the sea surface due to the
RCE adjustment. When conducting regional-scale sea surface warming experiments for TC case studies, without any RCE
adjustment the TC response is likely to be unrealistically exaggerated. The TC intensity—temperature sensitivity under RCE
is very similar to those found in coupled climate model simulations. This suggests global mean intensity projections under
climate change can be understood in terms of a thermodynamic response to temperature with only a minor contribution from
any changes in large-scale dynamics.
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1. Introduction

Tropical cyclones (TCs) are one of the major natural haz-
ards threatening human lives and properties in coastal re-
gions. Although the understanding of TC dynamics and ther-
modynamics has been much advanced in recent decades (e.g.,
Emanuel, 1991, 1999a; Chan, 2005; Montgomery and Smith,
2017), it remains challenging to project TC features in a
future warming climate (Vecchi et al., 2008; Bender et al.,
2010; Knutson et al., 2010; Walsh et al., 2016).

Based on the established TC thermodynamic theories
(Emanuel, 1986, 1995, 2003, 2007; Holland, 1997; Xu and
Wang, 2010), TC intensity and size are closely related to
sea surface temperature (SST). To investigate the response
of TC intensity and structure to future sea surface warming,
there are two commonly used numerical approaches in ideal-
ized and real TC case studies, which will be briefly reviewed
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below.

As the first approach to understanding the impact of SST
on TC intensity and size, SST is changed whereas the ini-
tial atmospheric state is held. For example, Lau et al. (2016)
found that with the present atmospheric state and a future
SST pattern under a double carbon dioxide (CO;) condition,
the maximum hourly Power Dissipation Index (Emanuel,
2005) of Hurricane Sandy (2012) was more than doubled and
the lifetime maximum area measured by the gale-force wind
(18 m s™!) could be even tripled. Similar results regarding
the intensity and size changes are also found in the case stud-
ies by Sun et al. (2017), who modified the present SST with
a uniform increase and based on climate model projections.
In this approach, TC intensity and size are highly sensitive to
sea surface warming.

The second numerical approach is that of starting the TC
simulation in the Radiative-Convective Equilibrium (RCE)
state, adjusted to various SSTs. Nolan et al. (2007) showed
that the RCE state adjusted to a high SST value is more favor-
able for TC genesis and intensification. However, they found
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that the lifetime maximum surface wind increased from about
55ms™! for SST = 25°C to about 65 ms~! for SST = 30°C—
a change of only about 2% °C~!. They explained the low
sensitivity using the maximum potential intensity (Vpo) the-
ory (Emanuel, 1986, 1995). However, they did not explore
further to find out which term in the V), calculation leads to
the relatively low sensitivity of intensity to SST under RCE.
The sensitivity of TC size to SST under RCE remains unex-
plored. Chavas and Emanuel (2014) showed that the wind
speed of the whole azimuthal gradient wind profile increased
under RCE from low to high SSTs. However, this positive
relationship between SST and size was established based on
the statistical equilibrium state of cyclones for simulation day
6090, which is an unrealistically long period for real TCs to
achieve.

Based on previous studies, TCs show quite different sen-
sitivities of intensity to SST changes with and without a pre-
storm RCE adjustment. In addition, the size response to
SST under RCE within a duration comparable to real TCs re-
mains unclear. We will try to address these two problems in
this study using the V},o theory (Emanuel, 1995), an analytic
TC wind profile model [the 4 model (Wang et al., 2015)],
and full-physics idealized numerical simulations with the Ad-
vanced Research Weather Research and Forecasting model
(Skamarock et al., 2008).

Two main hypotheses will be tested:

(1) Compared to the simulations without the pre-storm
RCE adjustment, the pre-storm RCE adjustment reduces the
degree of thermodynamic disequilibrium between the air
boundary layer and the sea surface, which leads to less sensi-
tivity of both intensity and size to sea surface warming.

(2) The TC response to SST changes in coupled climate
model projections is closer to the idealized simulations under
RCE.

The next section introduces the model setup, experimen-
tal design, the Vjo theory and the A model. The results are
presented and discussed in sections 3 and 4. Section 5 sum-
marizes our findings.

2. Method

2.1. RCE adjustment

For the pre-storm RCE adjustment, we conduct a highly
idealized simulation with a square domain of 200 km (50 x50
grid points), 41 vertical layers and grid spacing of 4 km. The
RCE adjustment is conducted over a water-only domain on an
f-plane (20°N, f ~ 5x 107> s71). Jordan’s (1958) sounding
is used as the initial condition and a doubly periodic lateral
boundary condition is also applied. Each RCE adjustment
lasts for 60 days with a time step of 30 s. The domain setup
follows Nolan et al. (2007) and Chavas and Emanuel (2014).
Self-aggregation (Bretherton et al., 2005) does not appear in
any RCE adjustment run.

All pre-storm RCE adjustment simulations use the fol-
lowing parameterization schemes: the Rapid Radiative
Transfer Model scheme (Mlawer et al., 1997) and Dudhia
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(1989) scheme to estimate the effect of longwave and short-
wave radiation; the WSM six-class graupel scheme (Hong
and Lim, 2006) for microphysical processes; the Yonsei Uni-
versity scheme (Hong and Lim, 2006) for parameterization
processes in the planetary boundary layer; and the MMS5 sim-
ilarity scheme (Zhang and Anthes, 1982) for the surface layer
simulation. We remove the diurnal cycle of shortwave radia-
tion for RCE adjustment by keeping the solar zenith angle at
51.7° and reducing the solar constant to 655 W m~2 (Tomp-
kins and Craig, 1998a). The precise RCE state may vary with
a different solar zenith angle and solar constant, but we will
not discuss this in the current study. No cumulus scheme is
used for RCE adjustments.

The criterion for RCE is that the potential temperature at
each vertical layer below 200 hPa does not change more than
1 K in the next 30 simulation days, which is a similar crite-
rion as used in Chavas and Emanuel (2014). The duration to
reach the RCE state may vary with different RCE definition
criteria (Tompkins and Craig, 1998b). We take the 30-day
mean and domain-averaged temperature and moisture verti-
cal profiles after reaching the RCE state as the mean RCE
sounding profile. With SST varying from 26°C-30°C, all the
RCE adjustments in this work are achieved within 20 simu-
lation days. We therefore take the mean sounding from 20 to
50 simulation days as the sounding profiles in RCE.

An extra zonal wind (Usg) is added into the surface
layer scheme to increase the surface evaporation rate dur-
ing the RCE adjustment. Nolan et al. (2007) showed that the
RCE state mainly depends on two tuning variables, SST and
Uste, and is insensitive to the Coriolis parameter. Chavas and
Emanuel (2014) also found that if the tunable parameters in
the radiation schemes are simply ignored, SST and Ug are
two main factors affecting the variation of RCE states. In this
study, the influence of radiative processes on TCs under RCE
will not be investigated. We next focus on SST and Usg, to
design experiments.

2.2. Experiment design

Figure 1 shows the mean vertical structures of thermody-
namic state for simulation days 20-50 with SST = 28°C and
Ug.=1lor5ms~!. Duetoa stronger surface evaporation rate
with Ugse = 5 m s~ the boundary air is more saturated (Fig.
1d). High saturation of surface air leads to a weaker moisture
contrast with the sea surface and hence a weaker environmen-
tal latent heat flux for the following cyclone simulations. As
shown in Table 1, there are two groups of simulations in this
study. In the first group, Us is set as 1 m s™!, correspond-
ing to a relatively high latent heat environment (named Group
HL). In the second group, Ug, is set as 5 m s~!, which sim-
ulates a relatively low latent heat environment (named Group
LL).

In each group, we set SST = 28°C as the control. The
control runs in both Group HL and Group LL reach the RCE
after about 10 days. Based on the equilibrium states of the
control runs, we conduct two sets of sensitivity experiments
in each group. For Set HL_SST and LL_SST (the SST exper-
iments), we change the SST and no further RCE adjustment is
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Fig. 1. Sounding profiles of (a) potential temperature (units: K), (b) temperature (units: K), (c) mixing ratio (units: g
kg™!) and (d) relative humidity (units: %), averaged for simulation days 2050 in the RCE adjustment runs with SST =
28°C, and Usge = 1 m s~! (solid line) or 5 m s~! (dashed line). These two sounding profiles are used as “control runs”
in this study.

Table 1. Experiment names and descriptions.

Equilibrium run  Cyclone run

Group Simulation Ustc SST SST
name Set name name ms™) (O °C)
HL HL.CTL HL_CTL28 1 28 28
HL_SST HL_SST26 1 28 26
HL_SST27 1 28 27

HL_SST29 1 28 29

HL_SST30 1 28 30

HL_EQM HL_EQM26 1 26 26
HL_EQM27 1 27 27

HL_EQM?29 1 29 29

HL_EQM30 1 30 30

LL LL.CTL LL_CTL28 5 28 28
LL_SST LL_SST26 5 28 26
LL_SST27 5 28 27

LL_SST29 5 28 29

LL_SST30 5 28 30

LL_LEQM LL_EQM26 5 26 26
LL_EQM27 5 27 27

LL_EQM29 5 29 29

LL_EQM30 5 30 30

conducted. These experiments are designed to test the sensi-
tivity of TC intensity and size to SST changes in the first ap-
proach, as reviewed in section 1. For HL_LEQM and LL_EQM
[the experiments after the equilibrium (EQM) adjustment],
we change the SST and adjust the atmosphere to RCE again.
The aim of these two sets of experiments is to test the sen-
sitivity of TC intensity and size to SST changes under RCE,
i.e., the second approach. We use domain-averaged tempera-
ture and moisture soundings for simulation days 20-50 to set
up the environment for the TC simulations.

2.3. TC simulation setup

The initial field for the TC simulations is set up with dif-
ferent sounding profiles and an initial bogus vortex specified,
as in Chan and Williams (1987), with the initial maximum
surface wind, radius of maximum wind, and shape parameter
bsetas20ms~!, 75kmand 0.7, respectively. Readers are re-
ferred to Wang et al. (2015) for more details on inserting the
initial vortex and adjusting the thermal and dynamical fields.

The initial cyclone is on a spherical Earth at 20°N over an
open ocean with a fixed SST. Two domains are nested with
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two-way interaction. There are 41 vertical layers in each do-
main. The outer square domain has sides of 9000 km and a
grid spacing of 15 km. The central latitude of the outer do-
main is 34°N. The inner domain has sides of 2400 km and a
grid spacing of 3 km. The vortex-following technique is ap-
plied for the inner domain. The cyclone is tracked at 800 hPa.
The time step for the outer and inner domains is 50 s and 10
s, respectively. Each cyclone simulation lasts for six days.

The lateral boundary condition of the inner domain is fed
by the outer domain. The temperature and moisture at the
lateral boundary of the outer domain is fixed as the initial
sounding profile. A strong sponge layer with a width of 225
km is added along the lateral boundary of the outer domain.
It is implemented by overwriting the horizontal wind speed
in both directions to 0 m s~! at all vertical levels and at ev-
ery time step. The sponge layer reduces the noise level near
the boundary so that the TC outer circulation (especially at
the upper level) will not be influenced by artificial noise from
the environment. At the start of the simulation, the cyclone
is 3000 km away from the boundary. Although the circula-
tion expands at the end of the simulation, the cyclone center
is still at least 5000 km away from the outer boundary. The
[-drift effect is included in the TC simulations but it will not
be discussed in this study.

The parameterization schemes for the TC simulations are
the same as for the RCE adjustments except that in the for-
mer an unmodified shortwave radiation with a diurnal cycle
is used to create an Earth-like environment. There is no cu-
mulus scheme in either domain. The inner domain with 3-km
grid spacing is capable of resolving convective processes. To
reduce the noise level in the surrounding area, the cumulus
scheme is not included in the outer domain. Nevertheless,
the convection related to the cyclone can still be reasonably
simulated in the outer domain because of the two-way inter-
action and the large coverage of the inner domain.

2.4. Vo and its factors
Vpot can be defined as (Emanuel, 1986, 1995)

C T
Vot = \/C—ZGS—T())T—Z(s* - 5), (1)

where Ck is the exchange coefficient for enthalpy, Cp the
drag coeflicient, T, the outflow temperature, T the SST un-
der the eyewall, s* the saturation entropy of the sea surface,
and s the entropy of the boundary layer air. This expression
is the dimensional equivalent of Eq. (13) in Emanuel (1995).

We can decompose the r.h.s. of Eq. (1) into three factors,
ie.,

C T
Vot = \/ C—Z(Ts - TO>T—Z<s* - 5), )

where Ck is the exchange coefficient for enthalpy, Cp the
drag coefficient, T, the outflow temperature, T the SST un-
der the eyewall, s* the saturation entropy of the sea surface,
and s the entropy of the boundary layer air. This expression
is the dimensional equivalent of Eq. (13) in Emanuel (1995).
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We can decompose the r.h.s. of Eq. (1) into three factors,
ie.,

Voo = CTS | 3)
where
. Ck
C=,—, 4
h 4)
N T
T = J(TS—TO)T—Z , Q)
S=Vs—5s. (6)

The first factor, C, represents the ratio of enthalpy to mo-
mentum exchange coefficients and will not be discussed in
this study. For simplicity, we set this ratio as 0.9 in the fol-
lowing calculation, which lies in the range 0.75-1.5 for real
TCs (Emanuel, 1995). The second factor, T, describes the
vertical temperature contrast. Any change of 7' corresponds
to the change of the efficiency of the cyclone energy cycle.
The third factor, S, can be interpreted as the degree of ther-
modynamic disequilibrium between the air boundary layer
and the sea surface. Any change in § can result in different
latent heat fluxes at the sea surface. We will show in the re-
sults section that the pre-storm RCE adjustment can change
T and $, and hence influence the cyclone intensity and size.

2.5. Wind profile

An analytic TC wind profile model, the 4 model (Wang
et al., 2015), is used to provide a theoretical estimation of
the wind profile changes due to sea surface warming. The A
model can be written as

/2A 0.56R2 -z -2 1
V= _p\/ > Ml-e 0.56R§n)_e 0.56R§1__f0r’ (7
P r 2

where V is the near-surface wind speed (m s™'); Ap is the
pressure deficit (Pa) between the cyclone center and the am-
bient environment; p is the air density near the surface, which
is set as 1.1 kg m™3; r is the radius (m); f, is the Coriolis pa-
rameter, which is set as 5x 107 s~} (20°N) in this study; and
Ry is the radius of maximum wind (m).

The pressure deficit, Ap, in Eq. (6) is calculated with
the surface maximum wind speed (V) and Ry,, according to
a new wind—pressure relationship (Wang and Toumi, 2016,
2017):

0.77 ®

To estimate Ry, in Egs. (6) and (7), an empirical relation-
ship used in operational forecasts is adopted (Knaff and Zehr,
2007; Courtney and Knaff, 2009), which can be written as

Vin +0.5f,Rm
Ap =p|——o"—

Ry =66785—-176.92Vy, +1061.9(¢ - 25) , ©)

where ¢ is the latitude of the cyclone center.

The TC destructive potential is measured by the inte-
grated power dissipation (IPD; Emanuel, 1999b), which can
be written as

IPD = f pCpV(r)ds , (10)
S
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where the drag coeflicient, Cp, is calculated with the wind
speed (Large and Yeager, 2008); and S is the integral area
with the radius of gale-force wind (Rg) at a height of 10
m. The order of magnitude of IPD for a developed TC is
typically about 10’3 W (Emanuel, 1999b; Wang and Toumi,
2016).

3. Results

3.1. Sensitivity based on theoretical models

The Vpor theory and the A model are used as theoretical
tools to analyze the TC sensitivity to SST changes. As shown
in Table 2, the sensitivity of 7,8 and Vpot are calculated with
Egs. (1)-(5), and the corresponding changes of R;g and IPD
are estimated with Egs. (6)—(9).

First, Table 2 shows that the percentage change (%) of
T, S, Vpot» R1g and IPD due to SST changes within a range
of 26°C-30°C is almost linear in all four sets of experi-
ments, which makes it possible to describe the sensitivities
as “% °C~!” in the following analyses. Second, the sensitiv-
ity of 7 to SST changes are almost identical (about 1% °C~'—
2% °C’1) in all sets of experiments. In contrast, the sensitiv-
ity of § to SST changes depends strongly on the RCE adjust-
ment. For example, the sensitivity of § in RCE is comparable
to the sensitivity of 7, while the difference of the percentage
change between 7" and § is much larger without RCE. Third,
the sensitivities of Vpo are about 12% °C~! and 16% °C~!
without the pre-storm RCE, but only about 3% °C~!and 3%
°C~! in RCE. It is noteworthy that the intensity response to
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SST changes under RCE is only about 20% of that in the en-
vironment without RCE.

Table 2 also shows that, like the intensity response, the
size response to SST changes predicted by the A model is also
much larger without RCE (about 7% °C~! and 11% °C~!)
than that in RCE (about 2% °C~! and 2% °C~!). As a com-
bined metric of intensity and size, IPD changes for 33% °C~!
and 49% °C~! without RCE, and 9% °C~" and 8% °C~! in the
RCE experiments. Table 2 suggests that the large difference
of TC sensitivity to the same SST change can be attributed
to the changes of § by RCE adjustments. We will return to
this point later when analyzing the latent heat flux field in
numerical simulations.

Figure 2 shows the wind profile changes predicted by the
A model with various SST values. We can see that the wind
profiles in the SST experiments change dramatically (Figs. 2a
and b). Another important prediction by the A model is that,
regardless of pre-storm RCE adjustments, the wind speed
change is always larger in the inner core than the outer rain-
bands, which indicates a higher sensitivity of the inner core
to the sea surface warming than the outer core.

Next, we will conduct full-physics idealized simulations
to confirm the different sensitivities of intensity, size and de-
structive potential to SST changes as found in the theoretical
calculations.

3.2. Sensitivity based on idealized simulations

The time series of the surface maximum wind speed, Vp,,
in four sets of experiments is shown in Fig. 3. One can see

Table 2. Changes in 7,8 and Vpot in Eq. (2) based on Vo theory, and changes in Ryg and IPD calculated with the A model wind profiles.

T (K1/2) O NED QUAS Talle)) Vpot (ms™h) Rig (km) IPD (x1013 W)
Simulation Absolute Percentage Absolute Percentage Absolute Percentage Absolute Percentage Absolute Percentage
name value change value change value change value change value change
HL_SST26 11.9 -3% 6.3 -22% 57 —24% 183 -15% 1.3 -54%
HL_SST27 12.1 -1% 7.3 -11% 67 -12% 202 —6% 2.0 -29%
HL_CTL28 12.2 0% 8.1 0% 75 0% 216 0% 2.8 0%
HL_SST29 124 2% 9.0 10% 84 12% 230 6% 3.8 36%
HL_SST30 12.7 4% 9.7 19% 94 24% 244 13% 5.0 79%
HL_EQM26 11.9 -3% 7.9 -3% 71 —6% 209 -3% 2.4 -14%
HL_EQM27 12.0 -1% 8.0 —2% 73 -3% 213 —1% 2.6 —7%
HL_CTL28 12.2 0% 8.1 0% 75 0% 216 0% 2.8 0%
HL_EQM?29 124 1% 8.3 2% 78 3% 221 2% 3.1 11%
HL_EQM30 12.6 3% 8.4 4% 81 7% 226 5% 3.4 21%
LL_SST26 11.8 -3% 43 -35% 39 -37% 141 —27% 0.4 -75%
LL_SST27 12.0 -1% 5.6 -16% 51 -17% 170 -12% 0.9 —44%
LL_CTL28 12.2 0% 6.7 0% 62 0% 193 0% 1.6 0%
LL_SST29 124 2% 7.6 15% 72 16% 211 9% 2.5 56%
LL_SST30 12.6 3% 8.5 28% 82 33% 227 18% 35 119%
LL_EQM26 11.9 -3% 6.5 -3% 58 -5% 185 —4% 1.3 -19%
LL_EQM27 12.1 -1% 6.6 -1% 60 -3% 189 —2% 1.5 —-6%
LL_CTL28 12.2 0% 6.7 0% 62 0% 193 0% 1.6 0%
LL_EQM29 12.4 1% 6.7 1% 63 3% 195 1% 1.7 6%
LL_EQM30 12.6 3% 6.8 3% 65 6% 199 3% 1.9 19%
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Fig. 2. Wind profiles predicted by the 4 model for set (a) HL_SST, (b) LL_SST, (¢) HL.LEQM and (d) LL_LEQM. The
wind profiles are shown up to Rjg. The dashed lines show R;g.

that the intensity increases dramatically in the first two simu-
lation days. From simulation hour 48 the intensity fluctuates
around some mean value. We therefore identify the first two
simulation days as the developing stage, and from simulation
hour 48 the simulated cyclone reaches the mature stage.

There are two main findings from Fig. 3. First, as ex-
pected, the environment with high latent heat flux favors TC
intensification. However, the average intensity difference be-
tween high and low latent heat flux environments is small.
For example, the mean intensity in HL_CTL28 (Figs. 3a and
¢) during the mature stage is only about 1 m s~! higher than
LL_CTL28 (Figs. 3b and d). Second, compared to the sets
with the pre-storm RCE adjustment (Figs. 3¢ and d), the TC
intensity without the pre-storm RCE adjustment is more sen-
sitive to SST changes (Figs. 3a and b). As shown in Table
3, for example, in a high latent heat flux environment, the
sensitivity of TC intensity decreases from 6.5% °C~! (set
HL_SST) to 3.6% °C~! (set HL_EQM) if a pre-storm RCE
is achieved.

Figure 4 shows the size changes in all four sets of exper-
iments, which are similar to the intensity response shown in
Fig. 3. Firstly, the cyclone can achieve a large size in a high
latent heat flux environment. For instance, R;g in HL_CTL28
1s 450 km at simulation hour 144, whereas it is 70 km lower in

Table 3. Sensitivity (% °C~!) of intensity, size and destructive po-
tential based on theoretical predictions and numerical simulations.
If the change based on numerical simulations is in bold, it means
that all four sensitivity experiments in one set is significantly differ-
ent from the control run at the 95% confidence level based on the
Student’s z-test.

Vi (% °C™1) Rig (% °C~Yy  IPD (% °C™))

Set name Theory Simulation Theory Simulation Theory Simulation

HL_SST 12.0 6.5 6.5 9.8 329 26.6
HL_EQM 3.1 3.6 1.8 -0.3 8.9 4.3
LL.SST 17.0 7.3 10.9 12.6 493 279
LL.LEQM 29 33 1.6 -1.6 7.8 2.8

LL_CTL28. Secondly, R;g is very sensitive to SST changes if
the environment is not adjusted to RCE (Figs. 4a and b). Ta-
ble 3 shows that the percentage change of R;g in set HL_SST
(Fig. 4a) and LL_SST (Fig. 4b) is about 10% °C~'. However,
R1g is almost insensitive to SST changes under RCE (Figs. 4c
and d).

The mean wind profile for simulation hours 48-144 is
shown in Fig. 5. Without a pre-storm RCE adjustment, the
wind speed of the whole profile increases with increasing



AUGUST 2018 WANG AND TOUMI 987
65 65
(a)
55} 55}
__45¢ __ 45t
0 0
e 35+ € 35+
= HL SST26 g — LL_SST26
> ) - > f -
25 HL_SST27 [ 25 LL _SST27 |
— HL_CTL28 — LL_CTL28
15 — HL_SST29 |1 15 —— LL_SST29 |1
— HL_SST30 — LL_SST30
5 1 1 1 1 1 5 1 1 1 1 1
0 24 48 72 96 120 144 0 24 48 72 96 120 144
Simulation hour Simulation hour
65 65
(d)
55} 55} E
__45¢ __ 45t
' n
g 35} e 35}
= — HL EQM26 = LL EQM26
> ] - > / -
25 i HL_EQM27 [ 25 LL_EQM27 |4
— HL_CTL28 — LL_CTL28
15 — HL_EQM29 |1 15} — LL_EQM29 |1
— HL_EQM30 — LL_EQM30
5 1 1 1 5 1 1 1 1 1

0 24 48 72 96
Simulation hour

120 144

0 24 48 72 96
Simulation hour

120 144

Fig. 3. Time series of simulated 10-m maximum wind (units: m s™!) in set (a) HL_SST, (b) LL_SST, (c) HL_EQM and

(d) LL_EQM.

SST (Figs. 5a and b). In contrast, if the environment is equili-
brated, the changes of wind speed mainly happen in the inner
core near the eyewall (Figs. 5c and d). These two main find-
ings are qualitatively consistent with the prediction by the A
model (Fig. 2), but the absolute sensitivity in the idealized
numerical simulations is smaller than the theoretical predic-
tion.

Figure 6 shows the time series of percentage change in
the destructive potential measured by IPD. Due to the high
sensitivity of intensity and size in the SST experiments, the
percentage change of IPD in these two sets is evidently larger
than for RCE. Table 3 shows that without the RCE adjust-
ment, SST can significantly change the IPD with a rate of
more than 25% °C~!. On the other hand, if the environment
is adjusted to RCE, sea surface warming may still increase
the IPD through TC intensification. However, the change of
IPD in RCE is not significant.

Table 3 compares the theoretical prediction and numerical
simulation regarding the sensitivity of intensity, size and de-
structive potential. Firstly, we can see that the theoretical and
simulated sensitivities of TC intensity are similar under RCE.
Secondly, without the pre-storm RCE adjustment, TC size is
more sensitive in the simulations than the A model prediction.

Thirdly, regardless of RCE adjustment, the sensitivity of IPD
is always less in simulations than theoretically. Table 3 shows
that, according to our idealized numerical simulations, only
the TC intensity is significantly sensitive to SST changes un-
der RCE. Although the IPD increases with high SSTs in the
simulations, this is not found to be significant.

3.3. Sensitivity and latent heat flux

As shown in Table 2, factor § may be the main reason
that TCs show different sensitivities to SST changes with and
without the pre-storm RCE adjustment. Factor § can be in-
terpreted as the degree of thermodynamic disequilibrium be-
tween the air boundary layer and the sea surface. High $
values indicate strong latent heat fluxes from the sea surface.
We therefore hypothesized in section 1 that different sensi-
tivities of intensity and size with and without pre-storm RCE
adjustments are caused by different latent heat fluxes.

To examine this hypothesis, the latent heat fluxes at sim-
ulation hour 72 is shown in Fig. 7. It is found that, regardless
of RCE adjustment, the surface latent flux in the inner core is
always stronger if SST is higher. Strong latent heat flux un-
der the eyewall can contribute to high intensity. This explains
why the intensity is significantly sensitive to SST changes in
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all four sets of experiments (Table 3). Secondly, without the
RCE adjustment (Figs. 7a, b, e and f), the latent heat flux
is much stronger around the area of gale-force wind in high
SST runs than low SST runs. The large size difference is due
to this large latent heat flux difference in the outer rainbands.
Thirdly, under RCE (Figs. 7c, d, g and h), the influence of
SST on the local latent heat flux around the area of gale-force
wind is much less than the cases without the REC adjustment.
This may explain why TC size is less sensitive to SST change
for the cases under RCE.

4. Discussion

In this study, we use two factors, 7' and S, to quantify
the theoretical impact of sea surface warming on TC inten-
sity and size under RCE. We find that, compared to the TC
sensitivity without the pre-storm RCE adjustment, TC inten-
sity and size show much lower sensitivity to the same sea
surface warming under RCE. The theoretical calculation sug-
gests that a different sensitivity for the same SST change with
and without the pre-storm RCE adjustment is due to a reduc-
tion of § [Eq. (5)) sensitivity in RCE.

The first issue in need of discussion is why both 7" and §
are related to intensity and size. From Vo theory (Emanuel,

1986, T and § are two principal factors affecting TC inten-
sity 7" describes the vertical temperature contrast between the
sea surface and the outflow layer. Wang et al. (2015) showed
that decreasing the temperature in the outflow layer with a
fixed SST can increase the TC size, which to some extent
shows the linkage between TC size and 7. The factor §
can be interpreted as the degree of thermodynamic disequi-
librium between the air boundary layer and the sea surface,
which means S is closely related to the enthalpy flux at the
sea surface. Xu and Wang (2010) analyzed the contribution
of surface enthalpy flux at different radii to TC size. Radu et
al. (2014) reported strong sensitivity of TC size to latent heat
flux. These studies support the link between TC size and S
Although both 7 and § can change the TC intensity and
size, our results show that only S is markedly influenced by
RCE adjustments (Table 2). If SST increases without RCE
adjustment, the saturation specific humidity at the sea surface
increases, whereas the air specific humidity at the reference
height remains the same. According to the bulk aerodynamic
calculation, the latent heat flux is unrealistically increased.
This can lead to considerable increases in intensity, size and
hence destructive potential (Table 3). If SST increases and
at the same time the environment is adjusted towards RCE,
the low-level humidity can be increased via surface evapo-
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Fig. 5. Azimuthally averaged 10-m wind profile during the mature stage in set (a) HL_SST, (b) LL_SST, (¢) HL_LEQM
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ration. The specific humidity contrastis then reduced, which
results in a weaker enhancement of latent heat flux than the
case without RCE adjustment (e.g., Fig. 7b compared with
Fig. 7d). However, the change in T and T, due to RCE
adjustments is small compared to their base values, so that
the ratio of T to T, does not change much. In addition, we
find that RCE adjustments usually shift the whole tempera-
ture profile towards the same direction with a similar magni-
tude (e.g., Nolan et al., 2007). Consequently, the change in
(Ts — T,) due to RCE is also small. All the above changes
lead to a high sensitivity of § and low sensitivity of 7 with
RCE adjustments.

Our simulations are only based on a limited number of
runs, but the sensitivity of TC intensity is in line with previ-
ous studies. With a future SST field and the present atmo-
spheric state (i.e., an example without the pre-storm RCE ad-
justment), Lau et al. (2016) showed that the maximum hourly
Power Dissipation Index of Hurricane Sandy (2012) can be
increased by 100%—-160%, which corresponds to an increase
of about 26%—-38% in the surface maximum wind speed. The
SST change between present and future states along the track
of Hurricane Sandy (2012) in Lau et al. (2016) is about 2°C.

This simple calculation leads to a sensitivity of intensity to
sea surface warming of 15% °C~!. This value is within the
range of our theoretical calculation, as shown in Table 3 (12%
°C~! in set HL_SST and 17% °C~! in set LL_SST). As an
example with the pre-storm RCE adjustment, Nolan et al.
(2007) showed that the sensitivity of intensity to SST changes
under RCE is only about 2% °C~!1, which is also close to the
theoretical and numerical estimations in Table 3 (2.9% °C~!
to 3.6% °C™1).

One may question whether the TC sensitivity with RCE
adjustment is more realistic in a warming climate. An SST in-
crease without any RCE adjustment is impossible. The time
scale for the large-scale sea surface warming can be decades,
and it is much longer than the time scale of RCE, which is
of the order of tens of days. However, a perfect RCE may
rarely exist in the tropics, because of large-scale circulations
(Manabe and Strickler, 1964). As discussed in previous stud-
ies (Bretherton et al., 2005; Nolan et al., 2007), the RCE state
shares certain features of the tropics but is still idealized. In
this regard, our sensitivity experiments with and without the
pre-storm RCE adjustments may simulate two extreme situa-
tions. To find out which situation is closer to the sensitivity
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Fig. 6. As in Fig. 3 but for the percentage change (units: %) of IPD relative to the control runs.

of real TCs in a warming climate, we can compare our results
with the predictions by climate models.

By simulating idealized TCs with the atmospheric tem-
perature and moisture profiles and SSTs from coupled cli-
mate models, Knutson and Tuleya (2004) found that the max-
imum surface wind increased by about 6% as a response to a
1.75°C CO?-induced tropical sea surface warming. If we as-
sume the intensity response in their study is also linear, that
corresponds to an intensity sensitivity of 3.4% °C~!. Knut-
son et al. (2015) showed that the sensitivity of TC intensity
to sea surface warming is 2.9% °C!, 4.6% °C~! and 3.5%
°C~! in the North Atlantic, eastern North Pacific and west-
ern North Pacific, respectively, with a mean of 3.7% ocI,
A more recent study (Yoshida et al., 2017) found that the
lifetime maximum intensity of global TCs may increase by
9% with an average sea surface warming of 3°C-3.2°C in
the tropics. Their finding therefore also suggests an inten-
sity sensitivity of about 3% °C~!. The intensity sensitivity
found in Knutson and Tuleya (2004), Knutson et al. (2015)
and Yoshida et al. (2017) is consistent with our numerical
simulations under RCE (Table 3).

This agreement on the intensity sensitivity by climate
models and our RCE simulations suggests that the intensity
trend in those climate model projections can be considered as

largely due to the thermodynamic response in RCE, and thus
any changes in large-scale dynamics, such as vertical wind
shear, are minor contributors in those climate model projec-
tions. Despite this generalization, there could be regional dif-
ferences, as dynamic factors are important controls on TC in-
tensity and structure. For example, Wang and Toumi (2016)
showed that the variation of both IPD and Power Dissipation
Index of US landfalling hurricanes can be largely explained
by the vertical wind shear in the main genesis area, and Vec-
chi and Soden (2007) reported a tropical Atlantic wind shear
increase in their climate projections.

Regarding the size change, most climate models are un-
able to project a trend due to low spatial resolution. However,
with a coupled dynamical downscaling approach, Knutson et
al. (2015) could simulate a reasonable distribution of global
TC size. They found that in a warming future, there will be
fewer TCs in total, with a general increase in the lifetime
maximum wind, but almost no change in the global mean
size. This low sensitivity of TC size to SST change agrees
well with our simulations under RCE (Table 3). Furthermore,
Emanuel (2005) showed a sharp increase in the Power Dissi-
pation Index of the North Atlantic TCs after 1980 with an in-
crease of SST. However, no similar trend in the observed TC
size was found during that period (Knaff et al., 2014). These
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studies suggest that the response of TC intensity and size to
sea surface warming in an idealized RCE environment is in
agreement with the coupled climate models and observations.

5. Conclusions

In this study we have compared the sensitivities of TC
intensity, size and destructive potential to SST changes with
and without a pre-storm RCE adjustment. We find that TCs
show relatively low sensitivity to sea surface warming under
RCE. This is because the RCE adjustment reduces the degree
of thermodynamic disequilibrium between the air boundary
layer and the sea surface, which leads to less surface latent
heat flux than without any RCE adjustment.

We find that the sensitivity of TC intensity is about
3% °C~'-4% °C~! in RCE. Our results also show that the
TC size is insensitive to SST change in RCE. As a com-
bined metric of intensity and size, IPD changes are not sig-
nificant. Without any RCE adjustment, regional TC model
studies are likely to show unrealistically large responses to
SST perturbations. The sensitivity of TC intensity and size
under RCE in our simulations is consistent with projections
by climate models. This suggests that first-order projected
global changes in TC intensity are driven by thermodynam-
ics not dynamics.
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