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Effect of the Initial Vortex Size on Intensity Change
in the WRF-ROMS Coupled Model
Xiaohui Zhao1 and Johnny C. L. Chan1

1School of Energy and Environment, City University of Hong Kong, Hong Kong

Abstract Numerous studies have demonstrated that the tropical cyclone (TC) induced sea surface
temperature (SST) cooling strongly depends on the preexisting oceanic condition and TC characteristics.
However, very few focused on the correlation of SST cooling and the subsequent intensity with TC size.
Therefore, a series of idealized numerical experiments are conducted using the Weather Research Forecast-
ing (WRF) model coupled with the Regional Ocean Model System (ROMS) model to understand how the
vortex size is related to SST cooling and subsequent intensity changes of a stationary TC-like vortex. In the
uncoupled experiments, the radius of maximum wind (RMW) and size (radius of gale-force wind (R17)) both
depend on the initial size within the 72 h simulation. The initially small vortex is smaller than the medium
and large vortices throughout its life cycle and is the weakest. In other words, thermodynamic processes do
not contribute as much to the R17 change as the dynamic processes proposed (e.g., angular momentum
transport) in previous studies. In the coupled experiments, the area-averaged SST cooling induced by
medium and large TCs within the inner-core region is comparable due to the similar surface winds and thus
mixing in the ocean. Although a stronger SST cooling averaged within a larger region outside the inner-
core is induced by the larger TC, the intensity of the larger TC is more intense. This is because that the
enthalpy flux in the inner-core region is higher in the larger TC than that in the medium and small TCs.

1. Introduction

The potential damage induced by a tropical cyclone (TC) is associated with its intensity as well as the size. TC
size generally indicates the extent of the TC circulation and can be assessed by the average distance from the
TC center to the location of maximum wind (i.e., radius of maximum wind, RMW), gale-force wind (i.e., radius of
17 m s21 wind, R17), damaging-force wind (i.e., radius of 25.7 m s21 wind, R25.7), hurricane-force wind (i.e.,
radius of 33 m s21 wind, R33) or by the radius of the outermost closed isobar (ROCI), which is an important indi-
cator of wind damage, rainfall extent, storm surge, and upwelling of the ocean (Irish et al., 2008; Price, 1981).

In recent years, more attention has been paid to the TC size climatology, size change, and the underlying
physical mechanisms (e.g., Carrasco et al., 2014; Chan & Chan, 2012, 2013, 2014, 2015; Hill & Lackmann, 2009;
Liu & Chan, 2002; Xu & Wang, 2010a, 2010b). Although the correlation between TC size and TC intensity is
very weak (Chan & Chan, 2014; Cocks & Gray, 2002; Dean et al., 2009), it has been demonstrated that the
ocean feedback (e.g., SST cooling and upwelling) can be affected by TC size (Irish et al., 2008; Mei et al., 2015;
Price, 1981; Schade & Emanuel, 1999). TC intensity changes are closely related to the underlying SST. Besides,
for a given intensity, a larger TC with a larger extent of stronger winds may extract more energy from the
ocean for TC intensification. Therefore, to some extent, intensity change may depend on size.

Schade and Emanuel (1999) indicated that a more intense negative feedback occurred when the storm has
a larger horizontal size based on the output from a simple coupled atmosphere-ocean model. In their study,
only the analytic expression of dependence of ocean feedback on some relevant parameters (e.g., mixed
layer depth, translation speed, TC intensity, size, etc.) is explored rather than the associated physical mecha-
nisms. Mei et al. (2015) also found that the larger TC (defined in terms of ROCI) could produce a stronger
SST cooling averaged within a fixed region from the TC center for a given intensity and translation speed.
According to the composite analyses from Knaff et al. (2013), larger TCs resulted in a stronger SST cooling
than smaller TCs with an equal intensity.

Generally, the largest SST cooling exists in the ‘‘cold wake’’ left behind by the moving-TC and to the rear-
right with respect to its track. The reduction of the SST near the eyewall is much smaller than that in the
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‘‘cold wake’’ region, but it is also important for TC intensity changes
(Coine & Uhlhorn, 2003). The TC-induced SST cooling can directly
reduce the enthalpy flux from the ocean to the TC and thus sup-
presses TC intensification (e.g., Bender et al., 1993; Chan et al., 2001;
Wada et al., 2014). The different horizontal winds may produce a dif-
ferent distribution of SST cooling and enthalpy flux under the TC,
which may affect the TC size and intensity. Xu and Wang (2010a) artifi-
cially removed the surface entropy flux within a different radial extent
under the TC and found that the surface entropy flux within the eye
region contributes to TC intensification while that outside the RMW
up to a distance of 2–2.5 times the RMW had a contribution to the
increase of inner-core size (defined by the RMW and R25.7).

Except for the atmosphere forcing, the precondition of the ocean
(e.g., warm and cold ocean eddies) is also an important factor
influencing TC intensity. Previous studies have shown that a warm
ocean eddy, which has a thicker mixed layer depth (MLD) and larger
ocean heat content (OHC) than the general ocean, is supportive for TC
intensification (Chan et al., 2001; Lin et al., 2005; Shay et al., 2000; Wu
et al., 2007). The opposite situation (i.e., cold ocean eddy) prohibits TC
intensification (Ma et al., 2013). The interaction time between a given

TC and an ocean eddy is determined by the ratio of eddy size and TC translation speed (Wu et al., 2007).
Therefore, for a given ocean eddy, the interaction time depends on the TC size and translation speed. The
larger size and slower translation speed both contribute to a longer interaction time between the TC and
the warm (cold) ocean eddy, which may result in a stronger (weaker) TC.

Many numerical studies have been carried out to investigate the impact of TC-ocean interaction on TC structure
and intensity. However, few of these focused on whether the initial TC size can affect TC intensity in a coupled
model. Therefore, a series of idealized experiments are performed in this work to explore the SST cooling
induced by a stationary TC with different initial sizes, and how size and intensity change using a coupled model.

The rest of this paper is organized as follows. Section 2 introduces the model configuration and experimen-
tal design. Section 3 shows the evolutions of simulated TC intensity and size and the effects of initial vortex
size on TC intensity. The oceanic and atmospheric responses are discussed, respectively, in sections 4 and 5.
A summary is given in section 6.

2. Model Configuration and Experimental Design

The coupled Weather Research Forecasting (WRF) model and the Regional Ocean Model System
(ROMS) model are used in this study. These two components are from the Coupled Ocean-Atmosphere-

Wave-Sediment Transport (COAWST) Modeling System (Warner
et al., 2010). The WRF model with the Advanced Research WRF
(ARW) core is used as the atmospheric part. The Regional Ocean
Model System (ROMS) is used as the oceanic part. They are coupled
by the model coupling toolkit and exchange information at the pre-
defined time which is set at 600 s in this study and the total simula-
tion time is 72 h.

A triply nested domain is used in the WRF model. The horizontal
grid spacing of each domain is 36, 12, and 4 km including 201 3

201, 301 3 301, and 601 3 601 grid points, respectively. There are
35 layers in the vertical direction and the model top is set at 50
hPa. The underlying surface is a water surface with no land and the
initial SST is set at 298C everywhere. The physics schemes applied
in the simulations include the Mellor-Yamada-Nakanishi-Niino
(MYNN) planetary boundary layer and surface-layer schemes
(Nakanishi & Niino, 2004). The six-class microphysics scheme with

Figure 1. Vertical profile of temperature (unit: 8C) for the upper 500 m for three
initial mixed layer depth is 20 m (short dash), 50 m (long dash), and 100 m
(solid). The 26 8C isotherm is indicated by a dash dot line.

Figure 2. Tangential wind profiles used in the experiments.
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graupel (Hong & Lim, 2006) is applied and the Kain and Fritsch cumulus scheme (Kain, 2004) is only
used in the two coarse domains.

For the ROMS model, the horizontal intervals are also 36, 12, and 4 km including 198 3 198, 301 3 301, and
601 3 601 grid points, respectively. The ocean model has 42 vertical levels and 13 levels are set within the
upper 100 m. Horizontally uniform temperature profile with initial mixed layer depth of 20, 50, and 100 m
are used to initialize the model. The profile is obtained from monthly averaged (August) data of LEVITUS94
(Levitus & Boyer, 1994) and the upper 500 m distribution of temperature is shown in Figure 1. The salinity is
kept constant (35 PSU) throughout the entire simulation. The gradient open boundary condition is utilized
for the lateral boundaries of the larger domain. A small change is made to keep the surface temperature

Table 1
The Labels for the Experiments

Radius of maximum wind (km)

50 75 100

Uncoupled SST5 298C R50 R75 R100
Coupled Mixed layer depth 20 m D20R50 D20R75 D20R100

50 m D50R50 D50R75 D50R100
100 m D100R50 D100R75 D100R100

Figure 3. Time series of minimum sea level pressure (hPa) for (a) R50, R75, and R100; (b) D20R50, D20R75, and D20R100;
(c) D50R50, D50R75, and D50R100; (d) D100R50, D100R75, and D100R100.
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consistent with the initial SST (298C) in WRF and the temperature uniform within the mixed layer. Then, the
temperature profile is interpolated onto the ocean model grid. The initial state of the ocean is quiescent.

Twelve experiments are designed to investigate the effects of the initial size on ocean response and TC
intensity changes over different initial ocean conditions. The initial RMW of the synthetic vortex is 50, 75,
and 100 km in the R50, R75, and R100 uncoupled experiments. The selection of the RMWs roughly agrees
with the RMW variation of the weak TCs (Willoughby & Rahn, 2004; Xu & Wang, 2010b). All experiments are
run on an f plane valid at 158N with no background flow so that the vortices are stationary. Because of this,
the larger cooling induced by the TC should be concentrated within and around the eyewall region. The
cooling confined within the inner-core region can significantly influence TC intensity (Coine & Uhlhorn,
2003). Therefore, the different initial RMWs are selected as the major parameter to define TC size. R17 can
be used as another parameter to measure TC size in addition to RMW. The initial R17 is 136, 204, and
276 km in the R50, R75, and R100 experiment, which is the typical for a small (<1.418 latitude), medium
(1.41–2.628 latitude), and large TC (>2.618 latitude) according to the climatology of TCs over the WNP in
Chan and Chan (2012).

Some other parameters are set to be constant for the initial vortices. A vortex more intense than a tropical
depression is considered, and hence the maximum tangential wind is set to be 30 m s21. In addition, the
radius of the TC is set at 1,000 km. Figure 2 shows the radial profiles of the tangential wind for the initial
synthetic vortices at the lowest model level. The three vortices combine with 3 different ocean conditions
giving a total of three uncoupled and nine coupled experiments as shown in Table 1. It should be noted

Figure 4. Time series of maximum 10 m wind speed (m s21) for experiments (a) R50, R75, and R100; (b) D20R50, D20R75,
and D20R100; (c) D50R50, D50R75, and D50R100; (d) D100R50, D100R75, and D100R100.
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that the initial structure of the ocean temperature profiles is not only different in the MLD but also in the
depth of the 268C isotherm (D26), the upper OHC and the lapse rate of the thermocline. But for conve-
nience, only the initial MLDs are added in the labels of the experiments to distinguish the initial ocean con-
dition. For all experiments, the vortices are initialized at the centers of the domains.

3. Intensity and Size Evolution

3.1. Intensity
The minimum sea level pressure (MSLP) and the maximum surface wind (MSW) are used to describe the
intensity evolution of the TCs (Figures 3 and 4). In the uncoupled experiments, all TCs experience a rapid
intensification after a short period (�12 h) of adjustment (Figures 3a and 4a). The smallest vortex (the R50
case) weakens more than those in R75 and R100 cases during the adjustment period. During the period of
12–36 h, the vortices in R75 and R100 have a comparable intensification rate which is larger than that in
R50. After 36 h, the vortex in R50 ends its intensification and weakens slightly until the end of the simula-
tion, while the vortex in R75 and R100 continue to intensify. But the subsequent intensification rate in R75
becomes slower than that in R100. Within the 72 h of simulation, the smallest initial vortex has a much
slower intensification rate and weaker final intensity than those in R75 and R100. The larger initial size in
terms of RMW is associated with a faster intensification rate and a longer intensification time, which indi-
cates that an initially large vortex is more likely to become an intense TC.

In the coupled experiments, all vortices experience a continuous weakening after a short period of intensifi-
cation due to the negative ocean impact (Figures 3b–3d and 4b–4d). During the intensification period, the
intensity evolution is quite similar to that in the uncoupled experiment. For a fixed MLD, an initially larger
vortex has a faster intensification rate and a stronger intensity. During the decaying period, the initially

Figure 5. Time series of radius of maximum wind (unit: km, black line) and radius of 17 ms21 surface wind (unit: km, grey
line) for experiments (a) R50, R75, R100; (b) D20R50, D20R75, D20R100; (c) D50R50, D50R75, D50R100; (d) D100R50,
D100R75, D100R100.
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larger vortex becomes more resistant to the negative ocean feedback.
This can be further explained by examining the ocean and atmo-
sphere responses in sections 4 and 5. In short, for a given upper-
ocean condition, the time series of MSLP and MSW show that an ini-
tially larger TC is more favorable for TC maintenance during the
decaying period. A large enough initial OHC can support TCs of all
sizes to intensify for a longer time. All vortices in the coupled experi-
ments cannot reach the lowest MSLP and highest MSW as obtained in
the uncoupled experiments due to the negative ocean feedback.

3.2. Size
Two parameters, RMW and R17, are both plotted to examine the size
evolution of the TC in each experiment. The importance of the initial
vortex size for the subsequent size evolution has been demonstrated
(Chan & Chan, 2014; Xu & Wang, 2010b). In the uncoupled experi-
ments, the RMW in each case experiences a rapid contraction within
the first 6 h, then evolves slowly and becomes stable at the late stage
of the simulation (Figure 5a). Such rapid contraction is consistent with
the results in Hill and Lackmann (2009) and Xu and Wang (2010b),
which is likely caused by the establishment of the convection and TC
secondary circulation. The RMWs of 50, 75, and 100 km in the R50,
R75, and R100 experiments decrease to 25.3, 29.1, and 32.7 km at
12 h, and further decreases with a slow rate until 54 h. Afterward, the
RMW in R100 keeps constant in the last 22 h with a magnitude of
20 km which is still 3 and 0.6 km larger than that in R50 and R75 on
average, respectively, while in R75 and R100, the RMWs slowly
decrease by the end of the simulation. The initially larger vortex
always has the larger size throughout the entire 72 h simulation,
which is consistent to both the observational and numerical results
(e.g., Chan & Chan, 2014; Cocks & Gray, 2002). The evolutions of RMWs
in the uncoupled experiments are quite similar to the result in Xu and
Wang (2010b). R17 in each uncoupled experiment stays very stable
during the entire 72 h simulation.

Figures 5b–5d show the evolutions of RMWs in the coupled experi-
ments. Consistent with the uncoupled experiments, the RMW in each
coupled case also contract rapidly during the initial spin-up period.
After contraction, the RMW in D20R50, D20R75, and D20R100 gradually
grows in size, reaching 32.9, 44.8, and 58.8 km by 72 h (Figure 5b). With
the increasing initial MLD, the growth rate of RMW becomes slower
(Figures 5c and 5d) and the final magnitude of RMW is also smaller
than that in experiments with initial MLD of 20 m. A stronger weaken-
ing of TC in the experiments with MLD of 20 m leads to such a larger
RMW expansion than in the experiments with MLD of 50 and 100 m.
Although the RMW gradually increases after the rapid contraction in
each coupled experiment, the size of RMW is still much smaller than its
initial value within the 72 h simulation (Figures 5b, 5c, and 5d).

Given the same initial intensity, the initially larger TC possesses a
larger extent of wind and also stronger winds outside the RMW (Fig-
ure 2) which provides a larger AAM in this region. According to Chan
and Chan (2015), the size outside RMW tends to be increased through
angular momentum transport. The size in our simulation does not
grow greatly like that in previous studies (e.g., Chan & Chan, 2014,
2015; Hill & Lackmann, 2009), which is partly due to the short simula-
tion time. If we only see the size evolution within the first 72 h in Hill

Figure 6. Time series of 3 h maximum SST cooling (unit: 8C) for experiments
(a) D20R50, D20R75, D20R100; (b) D50R50, D50R75, D50R100; and (c) D100R50,
D100R75, D100R100.
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and Lackmann (2009), the RMW and radius of hurricane wind both have small increase like the result
obtained in our study. Moreover, another important reason in the coupled experiments should be the
reduction of surface enthalpy flux associated with the SST cooling outside the eyewall, which can inhibit
the increase of inner-core size as discussed in Xu and Wang (2010a). The evolution of R17 suggests that
thermodynamic processes do not contribute as much on R17 change as the dynamic processes proposed
(e.g., angular momentum transport) in previous studies.

4. Oceanic Response to the Vortices With Different Initial Size

4.1. SST Cooling
The SST evolution and vertical structure of ocean temperature are examined first to see the ocean response
to the TC with different initial size. Given the same ocean condition, the maximum SST cooling difference is
quite small among the experiments, especially in the intensification period (�0–24 h, Figure 6). The differ-
ence becomes larger after 24 h and is more evident after 36 h (i.e., decaying period). The largest difference
of maximum cooling exists in the experiments with MLD of 100 m (Figure 6c). The cooling in D100R50 is
�1.2 and 0.88C less than that in D100R75 and D100R100 on average during the last 36 h. This can be attrib-
uted to the weakened surface winds in D100R50 and results in a weaker mixing. Therefore, the maximum
cooling becomes smaller as compared to that induced by the TCs in D100R75 and D100R100.

For MLDs of 20, 50, and 100 conditions, the maximum SST cooling induced by the TCs with initial RMWs of
75 and 100 km are comparable in magnitude (Figure 6). Sometimes, the cooling in D20R75, D50R75,
and D100R75 is a little higher (0.1–1.48C, Figures 6a–6c) than that in D20R100, D50R100, and D100R100.
The small difference in maximum SST cooling is partly due to the similar MSW in each experiment (see

Figure 7. Time series of area-averaged SST cooling (unit:8C) within 40, 60, 80, and 100 km from the TC center for experiments (a1)–(a4) D20R50, D20R75, D20R100;
(b1)–(b4) D50R50, D50R75, D50R100; and (c1)–(c4) D100R50, D100R75, D100R100.
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Figures 4b–4d) and thus similar wind stress, especially in the experiments with RMW of 75 and 100 km. The
larger the MLD is, the longer the TC can intensify. It is found that the TC can still intensify when the SST
reaches the minimum threshold of 268C (Figures 3, 4, and 6). This is likely because there is no negative
effect from the atmosphere.

Because the vortices in the present work are stationary, the area-average SST cooling can provide more
information about how the vortices with different sizes influence the SST changes. Therefore, the area-
averaged SST cooling within the radii of 40, 60, 80, and 100 km from the TC center is also examined. The
radius of 40 km is used to roughly represent the average inner-core size in each experiment.

The averaged SST cooling within the inner-core region induced by the medium and large TC is compara-
ble, which is larger than that induced by the small TC (Figures 7a127c1). This can be attributed to the
similar surface winds within 40 km in the experiments D20R75 (D50R75 and D100R75) and D20R100
(D50R100 and D100R100) (Figures 8b, 8c, 8e, 8f, 8h, and 8i), which are larger than the winds in

Figure 8. Azimuthally averaged 10 m wind (Shading, unit: m s21) for experiments (a) D20R50 (b) D20R75 (c) D20R100; (d) D50R50 (e) D50R75 (f) D50R100;
(g) D100R50 (h) D100R75 (i) D100R100. The white-dashed line indicates the radius of maximum wind at 10 m (unit: km).

Journal of Geophysical Research: Oceans 10.1002/2017JC013283

ZHAO AND CHAN TC SIZE AND INTENSITY CHANGES 9643



experiments D20R50 (D20R50 and D20R50) (Figures 8a, 8d, and 8h). Extending to a larger area with a
radius of 60 km from the TC center, it can be seen that the larger TC can result in a stronger SST cooling
during the decaying period (Figures 7a227c2). It is more obvious in the experiments with MLD of 100 m
(Figure 7c2). This is because that the surface winds decrease more rapidly outward for the smaller TC.
Therefore, smaller cooling is obtained averaged within a larger region. Over the MLD of 20 m, the cooling
is still similar in D20R75 and D20R100 because of the thinner MLD (or D26) and comparable surface winds.
For a thicker MLD, the large TC has stronger winds over a larger area to induce larger cooling (Figures 7c2
and 7c3). For the region with a radius of 80 km, the SST cooling difference between the D20R75 (D50R75
and D100R75) and D20R100 (D50R100 and D100R100) becomes larger and starts to converge when the
radius increases to 100 km. It indicates that slight cooling is induced outside 80 km.

In agreement with previous studies (e.g., Mei et al., 2015), the larger vortex can generate a larger SST cool-
ing averaged within a fixed area for the comparable intense TCs (larger than 40 km in this work; Figures
7a227c4). With increasing radial extent (i.e., 60, 80, and 100 km), the area-averaged SST cooling becomes
smaller in magnitude especially in the experiments with a smaller size, which indicates that the smaller TC
induces a smaller cooling outside the eyewall due to the weaker surface winds at the outer radii (Figure 8).
The SST decreases to an extreme low value in all experiments which cannot support TC intensification. The
TC intensity and SST cooling evolutions (Figures 3, 4, and 7) indicate that the intensity is less sensitive to the
SST outside the eyewall in this work. Because the large TC has a lower MSLP than the medium TC, the large
one induces a larger area of SST cooling.

4.2. Vertical Structure of Upper Ocean
The vertical section of upper-ocean shows that the largest cooling occurring beneath the eyewall region
(represented by the triangles in Figure 9) in each experiment due to the large surface winds (Figure 8) and

Figure 9. Vertical section (west-east) of ocean temperature (shading, unit: 8C) and turbulent kinetic energy (white contour, unit: 1023 m2 s22, contour interval is
0.001) and vertical velocity (black contour, unit: mm s21, contour interval is 0.4) for experiments (a) D20R50 (b) D20R75 (c) D20R100; (d) D50R50 (e) D50R75 (f)
D50R100; (g) D100R50 (h) D100R75 (i) D100R100 at 60 h. The azimuthally averaged radii of maximum wind (triangles) and 17 m s21 wind at 10 m (crosses) are
indicated.
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thus large turbulent kinetic energy (TKE, indicating the location of
strong mixing) together with the strong upwelling under and around
the TC center (Figure 9). Beyond the eyewall region, both the TKE and
upwelling decrease dramatically so that the cooling outside the eye-
wall decreases greatly.

Given the same MLD, the larger TC generates a larger extent of TKE
and upwelling (Figures 9c, 9f, 9i) compared with the smaller TC (Fig-
ures 9a, 9d, 9g). Moreover, a stronger upwelling is induced in the sub-
surface layer by the larger TC, which is caused by the larger surface
winds and thus surface stress (Figures 8 and 10). Therefore, a stronger
area-averaged SST cooling is induced by a larger TC (see Figure 7).
The upwelling is dominated by the Ekman pumping that results from
the Ekman transport divergence. Although the larger TC can induce a
stronger SST cooling outside the inner-core region (see Figure 7), it is

Figure 10. Averaged surface stress (shading, unit: N m22) from 48 to 72 h for experiments (a) D20R50 (b) D20R75 (c) D20R100; (d) D50R50 (e) D50R75 (f) D50R100;
and (g) D100R50 (h) D100R75 (i) D100R100. The white dashed line indicates the 40 km radius (unit: km). Note the different shading scale.

Figure 11. Area-averaged ocean heat content (kJ cm22) within 40 km from TC
center for experiments D20R50, D20R75, and D20R100.

Journal of Geophysical Research: Oceans 10.1002/2017JC013283

ZHAO AND CHAN TC SIZE AND INTENSITY CHANGES 9645



smaller in magnitude as compared to that within the eyewall region
and plays a minor role in changing the TC intensity. The cooling under
the eyewall is more important for TC intensity changes (Coine & Uhl-
horn, 2003). For vortices with the same initial size, a larger area of SST
cooling can be found (Figures 9a, 9d, 9g; 9b, 9e, 9h;9c, 9f, 9i). This is
because less energy is needed to induce cooling in the thin MLD con-
dition compared with that in the thick MLD condition (Sun et al.,
2015).

4.3. OHC
The OHC, which provides the available energy for TC development,
under TCs of different sizes is examined in this section. Because of the
stationary state of the TC and thus the persistent divergence of sur-
face water, strong upwelling (i.e., uplift of thermocline) occurs under
the inner-core region as shown in section 4.2. Therefore, the OHC also
decreases dramatically. The OHC is assigned to zero when there is no
268C isotherm at the subsurface. The area-averaged OHC within the
inner-core region is in correspondence with the area-averaged SST
cooling and decreases to zero at �24 h for the initial OHC of 20 m
(Figure 11). The similar situation also occurs when MLD increases to
50 and 100 km, but takes longer time to decrease to zero (not shown).
For the same MLD, the inner-core OHC changes are quite similar in
each experiment during the intensification period, while the OHC
decreases to zero within the inner-core region because of the lifted
268C isotherm.

5. Atmospheric Response

The large reduction of SST directly reduces the surface enthalpy flux
from ocean to the TC, which can weaken the TC (Bender et al., 1993;
Chan et al., 2001; Wada et al., 2014). The reversed surface enthalpy
flux occurs because of the extreme large SST cooling in each experi-
ment. The area-integrated enthalpy flux is calculated within the radii
of 40, 60, 80, and 100 km. Consistent with the area-averaged SST vari-
ation, the larger TC results in a lower enthalpy flux due to the larger
SST reduction outside 40 km during the decaying period (not shown).
However, the larger TC is more intense than the smaller TC (see Fig-
ures 3 and 4).

In Xu and Wang (2010a), the TC was weaker when the entropy flux
was eliminated within the eye region. Therefore, a smaller area with a
radius of 20 km is used to calculate the integrated enthalpy flux. The
area within the RMW is not selected to represent the eye region
because the region within the RMW also includes part of the eyewall.
But the region within 20 km from the TC center only includes the eye
area. During the adjustment period (0–12 h), the sudden increase of
enthalpy flux is related to the increase of surface winds (Figure 8).
After 12 h, there is also a period when the enthalpy flux is larger in
the small TC experiment than in the large TC experiment. This is
because the larger surface winds within 20 km in the small TC than
that in the large TC. Within the eye, the enthalpy flux for the larger TC
is larger than for the smaller TC during the weakening period (Figure
12). This is because that the larger TC has a larger eye where the SST
cooling is smaller. The smaller negative enthalpy flux in the eye region
may contribute to the slower intensification rate of the large TC.

Figure 12. Area-integrated enthalpy flux (unit: 106 W) within 20 km from the
TC center for experiments (a) D20R50, D20R75, and D20R100; (b) D50R50,
D50R75, and D50R100; (c) D100R50, D100R75, and D100R100.
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6. Summary

In this study, the RMW is used to define the initial size of the vortex. Three different sizes with initial RMW of
50, 75, and 100 km are used for the initial vortices. The SST cooling, TC intensity, and size evolutions are
studied through a series of idealized experiments using WRF-ROMS coupled model.

In the uncoupled runs, a larger initial vortex has a consequent larger size at any time during the entire 72 h sim-
ulation, which is consistent with the result in Hill and Lackmann (2009) and Xu and Wang (2010b). After initial
contraction, the RMW and R17 in the uncoupled experiments do not have an increase as large as that in previ-
ous studies, which may be due to the limited simulation time (72 h) in this work. Consistent with the results in
Xu and Wang (2010b), the intensity of medium and large TCs is not too sensitive to the initial vortex size.

In the coupled runs, all vortices weaken continuously after a period of intensification as a result of the SST
cooling and thus reduction of surface enthalpy flux. The local maximum SST cooling induced by the TC is
quite similar, which may be related to the small difference in the MSW of the TC during the simulation (see
Figure 4). However, the area-averaged SST cooling varies over different regions. Within the inner-core
region, the area-averaged SST cooling induced by the medium and large TC is comparable due to the simi-
lar surface winds. For a larger region, the surface winds of the small and medium TCs decreases outward
and less kinetic energy is imported into the ocean. Therefore, smaller SST cooling is induced by a smaller TC
outside the inner-core.

The SST cooling is a result of the combination of vertical mixing and upwelling processes according to the
vertical section of upper-ocean (see Figure 9). Because of the stationary state of the vortices, very strong
upwelling is found due to the continuous divergence of surface water.

The results in our study also show that the intensity has a weak correlation with the initial size, while the SST
cooling distribution is highly related to the TC size. As compared to the smaller TC, a larger TC can induce a
larger area of SST cooling which is more likely to influence the intensity of subsequent passing TCs.

In the present work, the comparison between the coupled and uncoupled experiments suggests that the
parameter of TC size should be considered when studying ocean response to the TC. The extreme SST cool-
ing occurs due to the stationary state of the vortices used in this work, which makes the TCs weaken dra-
matically and may minimize the intensity difference between TCs with different sizes. Therefore, the
background flow will be included in our future work to further study the impacts of initial size on the subse-
quent size and intensity changes. The effect of translation speed will provide us more information on how
the initial TC size affects the ocean feedback and thus the size and intensity variations. Therefore, more
experiments with a background flow will be conducted in future work to further explore the impact of TC
size on SST and intensity change in a coupled model. In addition, some recent studies also emphasized the
warming effect of the barrier layer on temperature within the upper ocean (Zeng et al., 2009; Zeng & Wang,
2016). More complicated ocean condition will also be considered in our future work.
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