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1.  Introduction

Observational studies have shown that individual 
tropical cyclones (TCs) can have different radial 
structures, most prominently the radius of maximum 

wind (RMW) and the decay rate of the tangential 
wind with radius outside the RMW, even for TCs with 
similar intensities measured by maximum sustained 
10-m wind speed (Merrill 1984; Weatherford and 
Gray 1988). It is generally believed that a variety 
of environmental conditions, such as vertical wind 
shear, relative humidity, and background vorticity, are 
responsible for the differences in the initial structure 
of a TC vortex when it forms over tropical oceans as 
well as the subsequent structural change from both 
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observational and theoretical studies (Knaff 2004; Xu 
and Wang 2010a; Hill and Lackmann 2009). After its 
formation, a TC often experiences an intensification 
phase before it reaches its mature stage. During the 
intensification, the structure of a TC may be affected 
by both internal dynamical/physical processes and the 
complex external interactions between the storm and 
its environment, such as with the vertical wind shear 
(Wang and Wu 2004; Elsberry et al. 2013; Wang and 
Wang 2014). In turn, the TC intensification rate (IR) 
may be considerably affected by the structure of the 
TC vortex as well (Schubert and Hack 1982; Pend-
ergrass and Willoughby 2009; Rogers 2010; Rogers 
et al. 2013).

Recent observational studies have shown that the 
TC IR is highly correlated with the TC structure, 
particularly its inner- and outer-core sizes (Chen et al. 
2011; Rogers et al. 2013; Carrasco et al. 2014; Xu 
and Wang 2015). On the basis of the 20-year TC best 
track data in the North Atlantic, Carrasco et al. (2014) 
compared the rapid intensification (RI) and non-RI 
TC cases. They found that the RI TCs are more likely 
to have a smaller size in terms of the RMW, the 
average radius of 34-knot wind (AR34). In addition 
to the TC size, another TC structure parameter is the 
decay rate of tangential wind with radius outside the 
RMW. Rogers et al. (2013) compared the composite 
structures of intensifying and quasi-steady TCs based 
on airborne-radar data for North Atlantic TCs. They 
found that the tangential wind outside the RMW 
decays more rapidly with radius, and the eyewall 
heating is located more to the inside of the RMW, in 
intensifying TCs than in the quasi-steady TCs. Similar 
results were reported by Xu and Wang (2015) based 
on best-track data for North Atlantic TCs from 1980 
to 2012; they measured the decay rate of tangential 
wind with radius outside the RMW as the width of 
the ring between the RMW and AR34 of a TC, which 
is referred to as the wind-skirt parameter (DR34). Xu 
and Wang (2015) also found that RI tends to occur 
in a relatively narrow parameter space in both inner- 
and outer-core sizes, with the highest IR occurring at 
an RMW of around 40 km and AR34 and DR34 of 
around 150 km. TCs intensify more frequently for an 
RMW between 20 and 60 km, an AR34 of about 200 
km, and a DR34 of about 150 km (see Figs. 3, 4 in Xu 
and Wang 2015). These observational studies strongly 
suggest that TC IR depends on both the RMW and the 
decay rate of tangential wind outside the RMW.

Previous studies based on the axisymmetric bal-
anced dynamics have argued for the importance of the 
inner-core inertial stability (Schubert and Hack 1982; 

Pendergrass and Willoughby 2009) and the radial loca-
tion of eyewall heating relative to the RMW to the IR 
of TCs (Vigh and Schubert 2009). The IR is shown to 
be a function of the inertial stability in the inner core, 
which determines the efficiency of the warming in the 
eye and the tangential wind tendency in response to 
diabatic heating in the eyewall (Schubert and Hack 
1982). Studies have demonstrated that the IR depends 
on both the radial location of diabatic heating relative 
to the RMW and the radial distribution of inertial 
stability (Vigh and Schubert 2009; Pendergrass and 
Willoughby 2009). In general, diabatic heating inside 
the RMW where the inertial stability is much higher 
than outside the RMW favors the formation of a warm 
core and larger IR (Vigh and Schubert 2009), and 
relatively higher inertial stability outside the RMW, 
related to the slow decay of the tangential wind out-
side the RMW, is unfavorable for large IR (Pendergrass 
and Willoughby 2009).

The above-cited results based on balanced dynam-
ics have often been used to explain the dependence of 
IR on the inner-core structure of TCs in observations 
(Rogers et al. 2013; Carrasco et al. 2014; Xu and 
Wang 2015). Rogers et al. (2013) found that inten-
sifying TCs have a stronger axisymmetric eyewall 
upward motion with more convective bursts located 
more on the inside of the RMW and a faster decay 
with radius of the tangential wind (and thus smaller 
relative vorticity and lower inertial stability) outside 
the RMW than steady-state TCs. Xu and Wang (2015) 
also attributed their observed dependence of TC IR 
on the outer-core wind skirt to the inertial stability 
outside the RMW, since the outer-core wind-skirt 
parameter DR34 reflects the radial decay rate of the 
tangential wind outside the RMW. In addition to the 
inertial stability, Wang and Xu (2010) and Xu and 
Wang (2010b) showed that the surface entropy flux 
within about 2 – 2.5 times of the RMW contributes 
to TC intensity, and the surface entropy flux farther 
outward contributes greatly to the growth of the storm 
inner- and outer-core sizes which could reduce TC 
intensity because of the development of active outer 
spiral rainbands (Wang 2009).

In this study, the nonhydrostatic, axisymmetric, 
full-physics model CM1 developed by Bryan and 
Fritsch (2002) was used to perform several ensemble 
simulations under idealized conditions to further 
understand the effect of the initial vortex structure 
on the initial spinup and the subsequent IR of the 
simulated TCs. The rest of the paper is organized as 
follows. Section 2 describes the numerical model and 
experimental design. Section 3 discusses the model 
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results and the possible physical mechanisms. The 
main conclusions are drawn in the last section.

2.  Model and experimental design

The axisymmetric, nonhydrostatic cloud model 
version 1 (CM1, release 17) developed by Bryan and 
Fritsch (2002) was used to perform a series of numer-
ical experiments in this study. CM1 has previously 
been used to understand various aspects of TCs, such 
as the maximum potential intensity (MPI) of TCs 
(Bryan and Rotunno 2009a, b), the sensitivities of TC 
MPI to the surface-exchange coefficient, and the tur-
bulence mixing-length scale (Bryan 2012). A full de-
scription of CM1 can be found in Bryan and Rotunno 
(2009a, b). The model domain used in our simulations 
is 1500 km in radial direction with radial grid spacing 
of 1 km for r < 188 km and a stretched radial resolu-
tion for r ≥ 188 km. There are 59 vertical levels, with 
the lowest model level at 25 m above the surface and 
the highest model level at the model top at 25 km. The 
vertical grid length varied from 50 to 430 m for z < 5 
km in order to better resolve boundary-layer processes 
and was 500 m for z ≥ 5 km. The use of an axisym-
metric numerical model allows for a large number of 
ensemble simulations at relatively low computational 
cost.

The radial profile of tangential wind of the initial 
vortices is given by
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where rm is the RMW, Vm (z) is the maximum tangen-
tial wind speed, which takes its maximum value near 

the surface and decreases linearly with height to zero 
at 100 hPa, z is height, r is the radius from the TC 
center, r0 is the radius beyond which the tangential 
wind vanishes, and the parameter B is the factor that 
defines the decay rate of tangential wind with radius 
outside the RMW and thus determines the outer-core 
shape of the initial vortex. Large (small) B represents 
rapid (slow) radial decay of tangential wind outside 
the RMW. Note that the initial tangential wind inside 
the RMW is assumed to be in solid-body rotation so 
that the radial tangential wind profile inside the RMW 
does not change with B.

Three experiments with different initial vortex 
structures were conducted (Table 1). In experiments 
R60B10 and R60B05, the initial RMW was set to 
be 60 km with the parameter B set to 1.0 and 0.5, 
respectively. These two experiments were designed 
to examine the effect of the radial tangential wind 
profile (vortex shape) of the initial vortex on the 
initial spinup and the subsequent IR. Experiment 
R100B10 is similar to R60B10 except that the initial 
RMW was larger and set to be 100 km. As a result, 
the difference between experiments R100B10 and 
R60B10 reflects the sensitivity of the simulated TC to 
the inner-core size (RMW) of the initial vortex. The 
maximum tangential wind of the initial vortex was set 
to be 20 m s−1 for the standard experiment in each of 
the three groups. Figure 1 shows the radial profile of 
the tangential wind and inertial stability of the initial 
vortex at the lowest model level in the standard run of 
each experiment. We can see that the vortices in ex-
periments R60B10 and R60B05 have the same inertial 
stability in the inner-core region, but the former has 
relatively lower inertial stability outside the RMW. In 
comparison with the vortex in experiment R60B10, 
the vortex in experiment R100B10 has much smaller 
inertial stability in the inner-core region, but has rela-
tively larger inertial stability outside the RMW. There-
fore, our experimental design attempts to address how 
sensitive the simulated TC IR is to the radial profile 

Table 1.  Summary of the numerical experiments performed in this study. RMW is the radius of maximum wind 
of the initial TC vortex and B is the radial decaying parameter of tangential wind speed outside the RMW in 
Eq. (1) and the mean IR (m s−1 day−1) for maximum 10-m wind speed increased from 25 m s−1 to 45 m s−1 as 
given in Fig. 3.

Experiment
Initial vortex Mean Intensification Rate (m s−1 day−1) for 

maximum 10-m wind speed increased from 
25 m s−1 to 45 m s−1 as given in Fig. 3

Maximum IR during intensi-
fication (m s−1 day−1)RMW (km) B

R60B10
R60B05
R100B10

60
60

100

1.0
0.5
1.0

28
17
15

31
21
18
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of the tangential wind and thus the inertial stability in 
both the inner- and outer-core regions of the initial TC 
vortex in the simulations.

To reduce the effect of internal variability on the 
physical sensitivity to the initial storm structure, an 
ensemble of 17 runs was conducted for each experi-
ment, with a perturbation of an increment of 0.1 m s−1 
added to the initial maximum tangential wind speed 
and a perturbation of an increment of 1 km added to 
the initial RMW to their corresponding values in the 
standard run of each experiment. For example, for the 
ensemble members in experiment R60B10, the initial 
Vmax varies from 19.8 to 20.2 m s−1 for the RMW 
varying from 58 to 62 km. Similar ensemble members 
were constructed for both R60B05 and R100B10. A 
total of 51 12-day simulations were conducted for the 
three groups. For all simulations, the parameterization 
schemes and initial environmental sounding are iden-
tical to those used in Rotunno and Emanuel (1987), 
except the use of a double-moment microphysics 
scheme that includes ice processes (Morrison et al. 
2009) and the horizontal mixing length of 750 m 
as used in Bryan (2012). The default setting for the 
asymptotic vertical turbulence length scale of 100 m, 

the surface exchange coefficient for entropy, and the 
surface drag coefficient for momentum suitable to TC 
simulations (option cecd = 3) in CM1 version 17 were 
used in this study. The sea surface temperature was set 
to be constant at 26.13°C.

3.  Results

3.1  Storm intensity evolution
Figure 2 shows the time evolution of storm in-

tensity in terms of the maximum 10-m wind speed 
(Vmax) and the central sea-level pressure from all of 
the ensemble members (thin lines) and the ensemble 
mean (thick lines) for each experiment. We can see 
that large variability among ensemble members exists 
in all three experiments. The variability is the largest 
for the initially larger vortex in experiment R100B10. 
Nevertheless, the difference between the three en-
semble means is generally larger than the variability 
among the ensemble members in each experiment, 
both in the intensification phase and in the mature 
phase. Thus, the difference among the three experi-
ments in terms of their ensemble means is meaningful 
and reflects a physical sensitivity rather than internal 
variability. Therefore, in the following discussion, we 
will mainly focus on the ensemble means for the three 
experiments and their differences in the initial spinup 
and the subsequent primary intensification periods. 
Herein, the initial spinup period (with IR less than 2.5 
m s−1 day−1) is defined as the period before the begin-
ning of the primary intensification (with IR larger than 
2.5 m s−1 day−1).

As we can see from Figs. 2 and 3, the spinup period 
varies significantly among the three experiments. The 
spinup period was shorter for the storm with the ini-
tially smaller RMW, i.e., about 24 h in both R60B10 
and R60B05 compared with 54 h in R100B10. The 
initial spinup period seemed to be insensitive to the 
radial decay rate of tangential wind outside the RMW 
of the initial TC vortex, but very sensitive to the initial 
RMW (R60B10/R60B05 versus R100B10). The sub-
sequent primary intensification period was shorter, and 
thus, the IR was larger for the storm with more rapidly 
decaying tangential wind outside the RMW and/or 
a smaller initial RMW, such as experiment R60B10 
versus R100B10 or R60B05. After the initial spinup 
period, the storm in R100B10 intensified until about 
168 h with a smaller IR, much longer than the storm 
in either R60B05 (until about 128 h) or R60B10 (108 
h). A similar feature can be seen in the evolution of 
central sea-level pressure (Fig. 2b). Note that, during 
the mature stage in the three experiments, the ensem-
ble-mean maximum intensities of the simulated TCs 

Fig. 1.  Radial profiles of (a) tangential wind 
(m s−1) and (b) inertial stability parameter of 
the initial vortices used in experiments R60B10, 
R60B05, and R100B10 (see Table 1).
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are different; those in R60B10 are particularly weaker 
than those in either R60B05 or R100B10 (Fig. 2a). 
Although the current MPI theories (Emanuel 1995, 
1997) do not include any explicit storm size param-
eters, the results here suggest that the mature TC in-
tensity might also depend on the initial TC inner-core 
size and outer-core tangential wind structure, which is 
a topic that needs further investigation.

To further evaluate the IR of TCs with different 
initial structures in the three experiments, we calcu-
lated the IR for each ensemble mean. The IR is often 
defined as the increase in maximum 10-m wind speed 
or the drop in central sea-level pressure in a given 
time period, often 24 h in previous observational 
studies (e.g., Holliday and Thompson 1979; Kaplan 
and DeMaria 2003; Xu and Wang 2015). Here the IR 
was calculated based on the intensity change in the 

following 6 h, and then, the value was converted to 
the equivalent IR in 24 h. As we can see from Fig. 3, 
the storm in R60B10 showed a significantly larger IR 
than those in R60B05 and R100B10, with the largest 
IRs reaching 31 m s−1 day−1 compared with about 
20 m s−1 day−1 in both R60B05 and R100B10 (Fig.  
3a, Table 1). Note that TCs with a broader outer 
tangential-wind profile or larger initial inner-core size 
not only have smaller IRs but also take longer time to 
reach their maximum IRs (Fig. 3a). The maximum IR 
in R100B10 occurred after about 114 h of integration, 
compared with 72 h in R60B05 and 57 h in R60B10.

Furthermore, if we define RI as a maximum wind-
speed increase of 15 m s−1 in 24 h (Kaplan and 
DeMaria 2003; Kaplan et al. 2010), we find that the 
storms in R60B10 showed a shorter RI period but 
larger IR than in R100B10 (with the RI period lasting 

Fig. 2.  Time evolutions of maximum 10-m wind speed (m s−1) and minimum central sea level pressure (hPa) in 
experiments R60B10 (blue), R60B05 (red), and R100B10 (green). Shown are results for all individual runs (thin) 
and their ensemble mean (thick) for each experiment. The two dashed horizontal lines indicate storm intensity 
between 25 m s−1 and 45 m s−1, helping identify the starting and ending times of the RI period for the three ex-
periments (see text for more details).
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for about 26 h compared with 38 h; Fig. 3). Note that, 
although the duration of the RI period in R60B05 
was similar to that in R60B10, the maximum IR was 
considerably smaller in the former than in the latter 
during the RI period. The present results thus indicate 
that TCs with more rapidly decaying tangential wind 
outside the RMW would intensify more rapidly, with 
a similar RI period if the initial RMW is similar, and 
TCs with a smaller initial RMW would intensify more 
rapidly but with a shorter duration of the RI period. 
This strongly suggests that the TC IR is significantly 
affected by both the initial vortex size and shape. 
In the following discussions, we will focus on both 
the initial spinup period and the subsequent primary 
intensification (or RI) period.

3.2  The initial spinup
Rotunno and Emanuel (1987, their Fig. 1) and 

Emanuel (1989, his Fig. 9) showed that smaller initial 
vortices experienced a relatively larger IR during their 
primary intensification period, but they did not focus 
on the difference in the longevity of the initial spinup 
period. This is mainly because the transient intensity 
change in the former study was too noisy, and in the 
latter study, convective parameterization was used and 
thus showed no significant differences in the duration 
of the initial spinup period. In our simulations, the 
initial spinup period shows a strong dependence on 
the initial TC structure, particularly the initial RMW, 
namely, the large difference between R60B10 and 
R100B10 as shown in Fig. 2a. Previous studies sug-
gested that such an initial spinup was due to the moist-
ening of the air column by small-scale convection in 
the inner-core region (Rotunno and Emanuel 1987; 
Emanuel 1989). This motivated us first to examine 
the time evolution of relative humidity (RH) in the 
inner-core region of the simulated TCs.

Figure 4 shows the time evolution of RH and 
condensational heating averaged within 1.5 times the 
RMW in all three experiments. The inner core was 
moistened continuously in the initial spinup period, 
but net heating is small because of evaporative cool-
ing; the primary intensification did not begin until the 
column from the surface to 6 km height attained an 
RH over 80 %, consistent with previous studies (Bister 
and Emanuel 1997; Nolan 2007). This suggests that a 
deep moist layer in the inner-core region in the middle 
and lower troposphere is key to the initial spinup 
period of the TC (Emanuel 1989, 1995; Nolan 2007). 
It took about 24 h for the vortices in both R60B10 and 
R60B05 to become moistened in the inner-core region 
from the surface up to about 8 km height (Figs. 4a, b).  
In sharp contrast, it took about 56 h for the vortex in 
R100B10 to complete this initial moistening stage 
(Fig. 4c). This suggests that the radial profile of the 
initial tangential wind speed outside the RMW affects 
the longevity of the initial spinup period very margin-
ally, and the initial RMW has a more significant effect 
on it. Nevertheless, the results demonstrate that the 
moistening in the inner-core region is generally faster, 
and thus, the initial spinup period is shorter in the 
initially small vortex than in the initially large vortex.

The above results can be understood in two aspects. 
On one hand, the initially small vortex has much large 
vorticity inside the RMW (Fig. 1b) and thus larger 
Ekman pumping in response to surface friction, which 
is proportional to the vertical vorticity at the top of the 
boundary layer (Eliassen 1971; Eliassen and Lystad 

Fig. 3.  Time evolutions of the ensemble mean (a) 
time tendency of maximum 10-m wind speed  
(m s−1 d−1) and (b) time tendency of minimum 
central sea level pressure (hPa d−1) in exper-
iments R60B10 (blue), R60B05 (red), and 
R100B10 (green). The two dashed horizontal 
lines indicate storm intensity tendency between 
2.5 m s−1 d−1 and 15 m s−1 d−1, helping identify 
the starting and ending times of the RI period 
for the three experiments (see text for more de-
tails).
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1977; Emanuel 1989). This can be seen from the 
vertical motion averaged in the first 3 h of simulations 
shown in Fig. 5. Even though it is weak and only ob-
vious below about 2 km height, the Ekman pumping 
still plays an important role in transporting moisture 
from the surface layer upward across the boundary 
layer, contributing to the bottom–up moistening of the 
inner core of the vortex (Fig. 5). On the other hand, a 
TC vortex with a smaller RMW has a smaller volume 
in the inner core, and thus, the column of the inner 
core requires shorter time to moisten. Therefore, both 

the relatively stronger Ekman pumping and smaller 
inner-core volume in the initially smaller vortex 
contribute to the faster moistening of the inner-core 
column and thus shorter initial spinup period.

The moistened column in the inner core is neces-
sary for the initiation of organized eyewall convection 
(Emanuel 1989). Condensational heating in eyewall 
convection has been viewed as “driving” the second-
ary circulation and spinning up the tangential wind 
(Schubert and Hack 1982). Condensational heating 
still occurred in the initial spinup period but was quite 

Fig. 4.  Time-height cross-sections of relative humidity (%, shading) and the diabatic heating rate (K d−1, con-
tours) both averaged within the radius of 1.5 times RMW, together with the time evolution of the RMW shown 
at the bottom of each panel (red line). Shown are ensemble mean in experiments (a) R60B10, (b) R60B05, and (c) 
R100B10. The vertical line in each panel shows the time when the initial spin up period ends (left) while the 
primary intensification starts (right) in the corresponding experiment.
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weak (Fig. 4) because of the small area coverage of 
deep convection in the inner-core region and the strong 
downdrafts. Weak diabatic heating appeared much 
earlier in both R60B10 and R60B05 than in R100B10, 
which was consistent with the slower moistening and 
the longer initial spinup period in the latter than in the 
former. Note that the RMW at the lowest model level 
changed little during this moistening and initial spinup 
period in all three experiments, indicating that the 
boundary-layer inflow did not become well organized 
until the end of the initial spinup period (not shown). 
Therefore, the initial spinup of the TC vortices in the 
model simulations can be considered as a moistening 
process of the inner-core region during which first the 
Ekman pumping and later the loosely organized deep 
convection gradually moistened the inner-core column 
from bottom up.

The activity of convection in response to the moist-
ening can be inferred from the evolution of precipita-
tion as shown in Fig. 6. Precipitation (and convection) 
initially appeared near the RMW in all three experi-
ments and propagated radially outward (Fig. 6), par-
ticularly for the vortex with initially larger RMW in 
R100B10 (Fig. 6c) or the vortex with relatively slower 
radial decay of tangential wind outside the RMW in 
R60B05 (Fig. 6b). This seems to suggest that larger 
winds outside the RMW (or in the initially larger 
vortex) contribute to larger surface moisture flux (Fig. 
6) and thus favor more convection to develop outside 
the RMW, which is consistent with the finding in Xu 
and Wang (2010a, b). As a result, the initially smaller 
vortex with a rapid radial decay of the tangential wind 

outside the RMW in R60B10 showed an earlier orga-
nization of convection (and precipitation) and thus an 
earlier onset of the subsequent primary intensification 
than in either R60B05 or R100B10.

The moistening and heating in the inner-core 
region were also reflected in the time evolution of the 
temperature anomaly averaged within the RMW and 
the equivalent potential temperature (θ e) averaged be-
tween the RMW and 1.5 times the RMW in each ex-
periment (Fig. 7). The temperature anomaly here was 
defined as the temperature difference from the initial 
state. During the initial spinup period, after about 12 h 
of integration, weak warm anomalies appeared in the 
middle to upper troposphere centered at around 8 – 10 
km height, and weak cold anomalies occurred in the 
lower troposphere at about 4 km height in all experi-
ments. The cold anomalies were not only associated 
with melting and evaporation of cloud condensates but 
also with sublimation cooling as pointed out by Zhang 
et al. (2002) and Sawada and Iwasaki (2007) because 
of the unsaturated environment in the inner-core 
region. Consistent with the slower moistening of the 
air column in the inner-core region in R100B10 than in 
either R60B10 or R60B05, the low-level cold anom-
alies persisted much longer in R100B10 (Fig. 7c).  
The gradual moistening of the inner-core column was 
also consistent with the gradual increase in low-level 
θ e averaged in the annulus between the RMW and 1.5 
RMW. The initial low θ e between 2 and 8 km reflected 
a convectively unstable state. The low-level θe started 
to increase after the initiation of convection and con-
tinued increasing during the primary intensification 

Fig. 5.  Radial-vertical cross sections of vertical velocity averaged over the first 3 h simulation (shading, mm s−1)  
and change in water vapor mixing ratio (contours, 10−4 kg kg−1) in the first 3 h simulation in R60B10 (a), 
R60B05 (b), and R100B05 (c), respectively.
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period, which was marked when a warm-core struc-
ture with positive temperature anomalies greater than  
5 K was established in each experiment (Figs. 2, 7).

The above results suggest that the longevity of the 
initial spinup period is determined by how fast the  
inner-core region becomes nearly saturated in the 
middle and lower troposphere, and thus, deep con-
vection near the RMW was initiated and organized. 
The initially larger vortex took a much longer time to 
moisten and saturate in the inner-core region than the 
initially smaller vortex and thus experienced a pro-
longed spinup period. These results are generally con-
sistent with the results of Rotunno and Emanuel (1987) 
and Emanuel (1989, 1995). We also demonstrated 

that the time needed for the inner core to moisten was 
largely determined by the Ekman pumping and the 
volume of the inner-core region. As a result, it is not 
surprising that the longevity of the moistening of the 
inner core is more sensitive to the initial inner-core 
size (such as the RMW) of the TC vortex than to the 
radial decay rate of tangential wind outside the RMW. 
The result that an initial TC vortex with smaller RMW 
has a shorter spinup period is consistent with Miy-
amoto and Takemi (2015), but they mainly focused 
on dynamical aspects and proposed that a TC with a 
larger Rossby number (smaller RMW) tend to enter 
RI phase earlier (or equivalently, the spinup period is 
shorter).

Fig. 6.  Time-radius cross-sections of the surface water vapor flux (shading, 10−5 kg kg−1 m s−1) and rain rate (contours, 
mm h−1) for the ensemble mean in (a) R60B10, (b) R60B05, and (c) R100B10, respectively.
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3.3  The primary intensification
After the initial spinup period, the TC vortices 

started their primary intensification, marked by an IR 
greater than 2.5 m s−1 day−1 in all three experiments 
(Fig. 3). Note that the primary intensification period 
can be classified into three stages in each experiment. 
In the first stage, the storm intensified slowly with IR 
less than 15 m s−1 day−1, which was followed by an RI 
stage and then a stage with a reduced IR of less than 
15 m s−1 day−1 before the storm reached a quasi-steady 
state (Figs. 2, 3). On the basis of Figs. 2a and 3a, 
we consider the RI stage as simply the increase in 
the 10-m maximum wind speed from 25 to 45 m s−1, 
equivalent for a TC to intensify from a tropical storm 

to a category-2 hurricane, in all three experiments, as 
shown in horizontal dashed lines in Fig. 2a.

As discussed in Section 3a above, the IR of the 
simulated TC during the primary intensification period 
differs considerably among the three experiments. 
Specifically, the storm with the larger initial RMW in 
R100B10 intensified much more slowly than that with 
the smaller initial RMW in R60B10. For TCs with the 
same initial RMW in R60B10 and R60B05, although 
the TCs had similar initial spinup periods, the storm 
with an initially more rapid radial decay of tangential 
wind outside the RMW in R60B10 intensified more 
rapidly. Previous studies based on balanced dynamics 
suggest that the IR of a TC is determined by the 

Fig. 7.  Time-height cross-sections of perturbation temperature (K, shading) average within the RMW and equiv-
alent potential temperature (K, contours) averaged between the RMW and the 1.5 times RMW of the simulated 
TC center for the ensemble mean in (a) R60B10, (b) R60B05, and (c) R100B10.
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dynamical efficiency of eyewall heating, which is pre-
dominantly controlled by the inner-core inertial stabil-
ity (Schubert and Hack 1982), and both the magnitude 
and the radial location of diabatic heating relative to 
the RMW (Vigh and Schubert 2009; Pendergrass and 
Willoughby 2009).

As we can see from Fig. 1, the initially smaller 
TC vortices in both R60B10 and R60B05 had much 
higher inertial stability inside the RMW, implying 
that they had higher dynamical efficiency in response 
to eyewall heating. Since condensational heating in 
the inner core was established and well organized 
much earlier in these two experiments (Fig. 4), it is 
not surprising that the TCs in R60B10 and R60B05 
intensified more rapidly than the TC in R100B10 (Figs. 
2, 3). Note that the IR in the first stage of the primary 
intensification period was relatively small in all exper-
iments, which was consistent with the small diabatic 
heating rate in the inner-core region (Fig. 4). The RI 
stage began when the diabatic heating rate averaged 
roughly in the eyewall reached about 2 K day−1 in all 
experiments (Fig. 4). It seems to suggest that the IR 
was closely related to the rate of increase in diabatic 
heating in the eyewall and the increase in inertial 
stability in the inner-core region in all experiments 
(Figs. 3, 4). This is consistent with the prediction 
based on the balanced vortex model by Schubert and 
Hack (1982) and Pendergrass and Willoughby (2009), 
and the results in a full-physics real-case simulation 
of Typhoon Megi (2010) as investigated in Wang and 
Wang (2014).

As both diabatic heating and inertial stability in the 
inner core are functions of the storm intensity and the 
inner-core size, for a fair comparison, it is important 
to compare various parameters when the storms had 
similar intensities during their RI stage. For a detailed 
comparison, we chose the period during which the 
simulated TCs intensified from 25 to 45 m s−1 in all 
three experiments. Figures 8a – c show the radial dis-
tributions of tangential wind speed, inertial stability, 
and diabatic heating rate vertically averaged between 
0.025 and 3 km height and temporally averaged in 
the corresponding period in each experiment. Note 
that, although the time average was done for the 
period between two given intensities, the averaged 
tangential winds still differed slightly among the three 
experiments (Fig. 8a). For the TCs with the same 
initial RMW in R60B10 and R60B05, the inertial 
stability is very similar in the inner-core region within 
a radius of 40 km (Fig. 8b). The TC in R60B05 shows 
relatively higher inertial stability and larger tangential 
wind speed outside the 40-km radius than in R60B10. 

A common feature in all three experiments was 
the large diabatic heating rate occurring inside the 
RMW (Fig. 8c), consistent with the observations for 
intensifying TCs (Rogers et al. 2013). However, the 
diabatic heating rate is higher in the inner-core region 
and smaller outside a radius of 80 km in R60B10 
than in R60B05. This radial distribution of heating is 
consistent with the radial inflow averaged between 
0.25 and 1 km height in the boundary layer (Fig. 8d). 
This indicates that the larger inertial stability outside 
the RMW in R60B05 (Fig. 8b) is responsible for the 
relatively weaker boundary-layer inflow near the 
RMW and relatively stronger boundary-layer inflow 
in the outer-core region (Fig. 8d). Both inertial stabil-
ity and diabatic heating rate are considerably smaller 
in the inner-core region and larger outside the radius 
of 40 km in R100B10 than those in either R60B10 or 
R60B05 (Figs. 8b, c). This is consistent with the larger 
inflow outside the radius of 40 km and smaller inflow 
inside the 35-km radius in R100B10 than in R60B10 
and R60B05 (Fig. 8d).

The radial distribution of inertial stability (and ab-
solute vorticity) and the boundary-layer inflow seem 
to explain the different IRs among the three experi-
ments (Fig. 3). This can be understood by conducting 
a tangential wind budget analysis for each of the 
experiments. The budget equation can be written as

∂
∂
=− + −

∂
∂
+

v
t

u f w v
z

F( ) ,ζ 	 (2)

where t is time, z is the physical height, u, v are the 
radial and tangential wind speeds, ζ  is the vertical rel-
ative vorticity, f is the Coriolis parameter, and w is the 
vertical velocity. The overbar signifies the ensemble 
and temporal mean in the period as the TC intensified 
from 25 to 45 m s−1, marked as horizontal lines in Fig. 
2a, which was chosen to reduce the intensity depen-
dence of the budget analyses for a given RI period. 
Note that the budget analysis that we conducted was 
almost residual-free since all terms were calculated 
during the model time integration with the same finite- 
differencing schemes.

Figure 9 shows the budget results in the lowest 3 
km model atmosphere based on hourly model outputs 
for the three experiments. As expected, the larger pos-
itive tangential wind tendency due to radial advection 
in the boundary layer in R60B10 than in R100B10 is 
due to the stronger radial inflow, which is consistent 
with the higher absolute vorticity above the boundary 
layer (Fig. 8d). The negative tangential wind tendency 
immediately above the inflow boundary layer was 
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related to the radial outflow, which was larger in 
R60B10 as well, and was largely offset (but accounts 
for ¶v/¶t > 0 above the boundary layer) by the vertical 
advection (third row). The diffusion term is negative 
and significant in the boundary layer, particularly in 
regions with high tangential wind speeds near the 
RMW in all experiments. The net tangential wind 
tendency, namely, the local tangential wind tendency, 
is the largest in R60B10, followed by R60B05 and 
then R100B10 (top row in Fig. 9). This is consistent 
with the different IRs shown in Fig. 3. Therefore, the 
tangential wind budget results demonstrate that the 

largest IR in R60B10 among the three experiments is 
primarily due to the stronger inflow in the boundary 
layer which brings higher absolute angular momentum 
inward into the inner-core region and then transported 
upward in the eyewall. This process is enhanced by 
higher inertial stability (absolute vorticity) near the 
RMW and weaker inertial stability outside the RMW 
in R60B10 compared to that in either R60B05 or 
R100B10. As a result, a stronger positive feedback 
exists between the boundary-layer inflow and diabatic 
heating in the eyewall in R60B10. This is consistent 
with the intensification mechanism elaborated based 

Fig. 8.  The radial distributions of a) the tangential wind (m s−1), b) normalized inertial stability parameter I by 
Coriolis parameter, c) diabatic heating rate (K h−1), averaged between 25 m and 3 km heights, and (d) radial 
wind (m s−1, dash) and vertical absolute vorticity (10−3 s−1, solid) averaged between 25 m and 1 km heights 
in R60B10 (black), R60B05 (red), and R100B10 (green). All variables are averaged over the RI period as the 
storm intensified from 25 m s−1 to 45 m s−1 in each experiment (see Fig. 2).
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Fig. 9.  Tangential wind budget averaged during the RI period in experiments, respectively, R60B10 (left column), 
R60B05 (central column), and R100B10 (right column) for (a) the local change of tangential wind (m s−1 day−1),  
(b) the radial advection term [-u (ζ  + f )], (c) the vertical advection term, and (d) the horizontal and vertical 
diffusion term including surface friction. Note that all terms on the right hand side in Eq. (2) are in m s−1 hr−1.
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on results from a full-physics real-case simulation of 
Typhoon Megi (2010) by Wang and Wang (2014) and 
implications from balanced dynamics (Schubert and 
Hack 1982; Pendergrass and Willoughby 2009).

Several other points should be mentioned here. 
First, although diabatic heating in eyewall convection 
is the key to the intensification of a TC, the IR during 
RI in the simulations (Fig. 3a) was not determined 
by the diabatic heating rate in the eyewall in all 
simulations but by the increasing tendency of the 
diabatic heating rate (contours in Fig. 4). Second, the 
drying period with the reduced inner-core RH in each 
experiment (shading in Fig. 4) coincided with the end 
of the RI phase, which indicates the strong subsidence 
in the eye region associated with the RI phase (not 
shown). Third, there were two cores of maximum 
temperature anomalies in the simulated TCs in all 
three experiments during the RI period (Fig. 7): one 
was centered in the middle troposphere around 7 km 
height, and the other was located in the upper tropo-
sphere near 14 km height. Note that the double warm-
core structure mainly occurred in the RI period, the 
middle-level warm core was dominant in the pre-RI 
stage, and the upper-level warm core was dominant 
after the RI period. The present experiments indicate 
that the warm core appeared in the middle tropo-
sphere in the early weak stage of the simulated TCs. 
In contrast, the upper-level warm core formed and 
intensified as the TC intensified and the middle-level 
warm core lowered. Eventually, the upper-level warm 
core dominated the middle-level warm core when the 
storm became intense, displaying a single warm-core 
structure (Fig. 7). Note that the double warm-core 
structure during the RI phase was more evident in the 
initially larger storm and in the storm with a more 
broad outer tangential wind in R100B10 and R60B05 
than in the initially smaller and more compact storm 
in R60B10. Our results are, in general, consistent with 
some recent studies that have also documented double 
warm-core structure in intensifying TCs (Stern and 
Nolan 2012; Wang and Wang 2014; Stern and Zhang 
2013; Kieu et al. 2016; Ohno and Satoh 2015).

4.  Conclusions

In this study, the dependence of TC IR on its initial 
vortex structure has been examined based on ensem-
ble simulations using the nonhydrostatic axisymmetric 
cloud-resolving model CM1 of Bryan and Fritsch 
(2002). Three simulations, each including 17 ensemble 
runs, were performed and analyzed. The model was 
initialized with TC vortices of different initial RMWs 
(60 km versus 100 km) and different radial decay rates 

of tangential wind outside the RMW (decay parameter 
B of 1.0 versus 0.5). The analyses have been focused 
on both the longevity of the initial spinup period (with 
the IR less than 2.5 m s−1 day−1) and the subsequent 
primary intensification period.

The results showed that the longevity of the initial 
spinup period was largely determined by the time 
needed for the inner-core region to become nearly 
saturated in the middle and lower troposphere so that 
deep convection near the RMW could be initiated and 
organized. As a result, the initially larger TC vortex, 
which contained a larger volume of dry air mass 
inside the RMW and had weaker Ekman pumping in 
the inner core, took a relatively longer time to become 
saturated and thus experienced a longer initial spinup 
period. The IR during the subsequent primary inten-
sification period was largely controlled by the inertial 
stability in both the inner- and outer-core regions and 
the initial size of the TC vortex. The initially smaller 
vortex, which had higher inertial stability inside the 
RMW, developed stronger boundary-layer inflow 
near the RMW, favoring a larger inward transport of 
absolute angular momentum (AAM) in the lower tro-
posphere and thus higher IR. The vortex initially with 
the more rapid radial decay of tangential wind outside 
the RMW, which had relatively lower inertial stability 
outside the RMW, developed weaker boundary-layer 
inflow in the outer-core region, favoring a larger 
inward transport of AAM and thus higher IR. In addi-
tion, the storm with an initially large RMW or with a 
slow radial decay of tangential wind outside the RMW 
also developed active convection outside the eyewall. 
Diabatic heating in the outer-core region contributed 
to the growth of the storm size and reduced the IR of 
the simulated storm, as previously demonstrated by 
Wang (2009). These results are, in general, consistent 
with recent observational studies for North Atlantic 
TCs based on airborne-radar data (Rogers et al. 2013) 
and the best track TC data (Carrasco et al. 2014; Xu 
and Wang 2015).

Therefore, the results from this study, together with 
those of Rogers et al. (2013), Carrasco et al. (2014), 
and Xu and Wang (2015), strongly suggest that the 
vortex structure needs to be reasonably estimated 
from observations and accurately initialized in numer-
ical weather prediction models used for real-time TC 
forecasts. Although the RMW is currently estimated 
routinely in various ocean basins, the radial tangential 
wind profile, however, has not been routinely provided 
in real time in any ocean basin (Chavas and Emanuel 
2010; Knaff et al. 2011; Elsberry et al. 2013). Efforts 
toward the accurate estimation of the TC structure 
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based on observations could lead to improved TC ini-
tialization and thus accuracy of TC intensity forecasts 
by numerical models.
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