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Abstract
Observational studies have shown that tropical cyclone (TC) size, commonly measured by the radius of the 17 m s−1 surface 
wind speed, in the western North Pacific (WNP) is statistically larger than its counterpart in the North Atlantic (NA). In this 
study we conduct idealized simulations for TC developments using high-resolution WRF model to understand the reason 
behind the size difference and relative contributions from among temperature, moisture and wind fields to modulate the TC 
size. Climatological mean states of the WNP and NA were computed using long-term analysis fields and used as background 
fields for the simulations. With identical initial vortices, TCs in the WNP environment evolve to larger sizes than those in 
the NA environment, consistent with previous observational studies and our own analysis using best track data. Experi-
ments were designed to separate impacts of the specific humidity, wind fields, and the temperature profiles. Our simulations 
indicate that the temperature profile is the dominant factor in controlling the TC size with its influence about twice larger 
than from the specific humidity or the wind fields. The background climatological state in the WNP has a higher SST and a 
lower tropopause temperature than in the NA. This condition is favorable for more intense TCs. As the size is proportional 
to the intensity of the storm, this more unstable atmospheric condition is the reason behind the larger size observed in the 
WNP. The size of the inner core, represented by the radius of the maximum wind, settled down quickly in the early stage 
and is less correlated to the evolution of the outer size which continues to increase with the intensity increasing. The more 
favorable condition for the TC development and larger size in the WNP also correspond to the larger surface entropy flux.

1  Introduction

The size of a tropical cyclone (TC) is an important param-
eter to estimate how large the area its impact will be. The 
size of a TC, referred as the outer size instead of the inner-
core size here, also will determine potential interactions with 

its nearby features and surrounding environments. Fiorino 
and Elsberry (1989) showed that TC size can influence the 
TC motion. Price (1981) pointed out that TC size can affect 
the ocean upwelling under the TC. Irish et al. (2008) found 
that storm surge will vary by 30% over a reasonable range 
of TC size for a given TC intensity. The climatology of TC 
sizes in past decades has been well studied, particularly over 
the western North Pacific (WNP) and North Atlantic (NA) 
(Merrill 1984; Kimball and Mulekar 2004; Chavas and Ema-
nuel 2010; Chan and Chan 2012; Kim et al. 2014).

We conducted our own analysis of the statistical cli-
matology for the size of TCs occurred over the WNP and 
NA from 2001 to 2010 based on the Joint Typhoon Warn-
ing Center (JTWC) and National Hurricane Center (NHC) 
data (Table 1). The result shows that TC size over the 
WNP is larger than that over the NA for both the mean 
and the median, consistent with the results of Chan and 
Chan (2012) in which the QuikSCAT data were used. 
Question remains on why there is such a size difference 
between these two basins? It might be expected that the 
mean states over the two oceans are different. In addition, 
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approximately 70–80% of TCs develop from tropical 
disturbances within the monsoon trough in the WNP 
(Molinari and Vollaro 2013); while the majority of TCs 
develop from easterly waves in the NA (Avila 1991; Avila 
and Pasch 1995; Landsea 1993). Previous studies also 
alluded that TC size is different in different ocean basins, 
years, latitudes, environmental humidities, environmen-
tal pressures, and with different minimum central pres-
sures (Atkinson 1971; Frank and Gray 1980; Merrill 1984; 
Cocks and Gray 2002; Kimball and Mulekar 2004). For 
example, Merrill (1984) suggested that different latitudes 
and synoptic environments can lead to different TC sizes. 
Liu and Chan (2002) showed that the size of a TC depends 
on the nearby synoptic flow patterns. Hill and Lackmann 
(2009) found that environmental relative humidity is one 
factor controlling the TC size. Wang (2009) noted that 
heating and cooling in outer bands had an effect on the 
intensity and structure of TCs including the size of the 
storms. Emanuel (1986) indicated that the size of the ini-
tial disturbance can affect the final TC size. Smith et al. 
(2011) investigated the planetary rotational influences on 
TC size and intensity and have identified an intermediate 
Coriolis parameter with the optimal planetary vorticity for 
the strongest vortex and largest size. Knaff et al. (2014) 
used satellite images to investigate the TC size distribution 
globally. It was found that the TCs in the NA may continue 
to grow after reaching maximum intensity and TCs in the 
WNP have the largest size distribution in the world.

While some studies have presented relations between 
the TC size and some environmental conditions, the rela-
tive contribution of different dynamic and thermodynamic 
variables to modulate the TC size is not clear. In this study, 
through a series of idealized simulations, we will investigate 
how differences in the mean states in WNP and NA may lead 
to differences in the TC size and relative contributions from 
different variables to it.

The rest of this paper is organized as follows. The model 
configuration, climatological mean states of WNP and NA, 
initial vortex, and experimental design are given in Sect. 2. 
In Sect. 3, results from control experiments with the clima-
tological mean states are examined. The relative roles of 
variables in the environmental state on determining the TC 
size are examined with additional experiments in Sect. 4. 
Finally, major findings of the study are summarized and dis-
cussed in Sect. 5.

2 � The model and experiment design

2.1 � Model configuration

The numerical model used in this study is the Advanced 
Research Weather Research and Forecasting (WRF-ARW) 
system, Version 3.3, (Skamarock et al. 2008). Three nested 
domains with the two inner nests having two-way interac-
tions are constructed. For experiments in the WNP, the 
mesh sizes in the three domains are 300 × 250, 301 × 301, 
and 301 × 301, respectively. For experiments in the 
NA, the mesh sizes in the three domains are 278 × 160, 
151 × 151, and 301 × 301, as the size of the NA is smaller 
than the WNP. The horizontal grid sizes of 27, 9, 3 km and 
vertical resolution of 46 vertical layers with a model top 
of 10 hPa are the same for both basins. The Kain-Fritch 
convective scheme (1993) is applied to the two outermost 
meshes and an explicit microphysics scheme (Lin et al. 
1983) is used in all meshes. Other model physics include 
the Yonsei University (YSU) planetary boundary layer 
(PBL) scheme, thermal diffusion land surface scheme, and 
Monin–Obukhov surface-layer scheme (Hong et al. 2006). 
A fixed lateral boundary condition is used for the outer-
most domain and the two inner nested domains move auto-
matically following the model storm (Davis et al. 2008).

2.2 � Climatological mean states of WNP and NA

To understand how the environment may influence the 
TC size, the climatological states of WNP and NA are 
constructed using the National Centers for Environmental 
Prediction (NCEP) reanalysis data (Kalnay et al. 1996), 
and used as initial and lateral boundary conditions. Our 
data analysis covers a period from 2001 to 2010 during 
July to September. Figure 1 shows the surface temperature 
and wind fields at 850 hPa in the WNP and NA. The sea 
surface temperature (SST) is more uniformly distributed 
in the WNP while the SST in the NA has a larger gradient 
in the east–west and north–south directions.

Merrill (1984) pointed out that in general the TC size 
varies with latitude; Chan and Chan (2013) illustrated 
the relationship between the absolute angular momentum 
(AAM) and the TC size. One part of the AAM, the earth 
angular momentum, is proportional to the Coriolis param-
eter. Due to the dependence of TC intensity and size on 
the latitude, we put the initial vortex at the same latitude 
in both basins to exclude the latitudinal effect.

The black box (6°–16°N, 135°–145°E) in Fig. 1a out-
lines the location of the initial vortex in WNP, which is 
located within the summer monsoon trough as it is the 
favorable region for TC developments in the WNP (Chen 

Table 1   Observational statistics 
of R17 for the WNP and NA 
TCs from 2001 to 2010

Basin

WNP NA

No. of TCs 214 156
Average (km) 194.29 179.82
Median (km) 185.2 152.79
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and Ding 1979; McBride 1995; Molinari and Vollaro 
2013). In Fig. 1b, the initial vortex is placed in the box 
(6°–16°N, 30°–40°W) suitable for NA as most TCs origi-
nate from easterly waves off West African coast. Both 
black boxes in Fig. 1a, b contain more convergent flow in 
the wind fields, favoring the TC development.

2.3 � Initial vortex

An axisymmetric weak vortex is placed at the center of 
the boxes shown in Fig. 1. The tangential wind of the ini-
tial vortex has the following radial and vertical profiles:

where r is the radial distance from the vortex center, rm the 
radius of maximum tangential wind, Vm the maximum tan-
gential wind at the radius of rm, σ the vertical sigma level 
and r0 is 1000 km from the vortex center where the tangen-
tial wind decreases to zero. The maximum tangential wind 
of the initial vortex is 15 m s−1 at the radius of 150 km at the 
surface as shown in Fig. 2. The wind speed decreases gradu-
ally upward. The initial vortex has a minimum sea level pres-
sure (MSLP) of 1008 hPa. The mass and thermodynamic 
fields are derived based on the nonlinear balance equation 
so that the initial vortex satisfies both the hydrostatic and 
gradient wind balances (Wang 1995, 2001).
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2.4 � Experimental design

Two control experiments were designed, one for the WNP 
and one for NA, identified as P_CTL and A_CTL, respec-
tively (Table 2). The 10-year averaged summer mean state 
of WNP and NA including variable such as surface pres-
sure, wind fields, geopotential height, temperature, SST, and 
specific humidity are used as the initial and lateral boundary 
conditions. Emanuel (1986) pointed out that the size of the 
initial disturbance can impact the final size of the TC. To 
avoid this complication, the initial vortices in all experi-
ments have the same size and intensity. The experiment 

(a) (b)

Fig. 1   Climatological summer surface temperature (shading in °C) and mean winds at 850 hPa (vector in m s−1) from July–September for the 
period 2001–2010. The black box represents the area where the initial vortex is located

Fig. 2   The radial distribution of the azimuthal-mean tangential sur-
face wind of the initial vortex in the simulation



4146	 C. Ma et al.

1 3

prefix of “P” or “A” denotes that the experiments are for 
WNP or NA, respectively.

Sensitivity experiments are conducted and results com-
pared with the control experiments to identify impacts of 
different environmental parameters on the TC size. In the 
averaged specific humidity experiments (AVESH), the zonal 
mean specific humidity were averaged between the two 
oceans and used in the P_AVESH and A_AVESH experi-
ments while other variables remain unmodified as in the 
control experiments. This set of experiment is designed to 
investigate the effect of moisture on the TC sizes. Mean-
while, the temperature and wind fields cannot be modified 
independently, because changing one variable will impact 
the other through thermal-wind relationship. Based on this 
consideration, three additional sets of experiments were 
designed. In the first group, identified as NO_WND_CTL 
experiments, the wind fields were set to zero, while other 
variables such as surface pressure, SST, geopotential height, 
temperature and specific humidity were set to the average of 
the two domain averages, varying only with height. In the 
second group, identified as NO_WND_T experiments, the 
wind fields are set to zero while the temperature profile is set 
to their own domain-averaged temperature in their respec-
tive regions with all other variables the same as in the NO_
WND_CTL experiments. The temperature profiles shown 
and discussed below also include the SST as the temperature 
near the surface is directly related to the underlying SST. In 
the NO_WND_SH experiments, the specific humidity has 
its domain averages.

In summary, P_AVESH and A_AVESH have their 
own climate mean states except for the specific humidity, 
in which the average of the two domains is used. P_NO_
WND_CTL and A_NO_WND_CTL have identical environ-
ment states and no winds. The only difference between them 
is the domain size, mainly the ocean part. P_NO_WND_T 
and A_NO_WND_T have their respective domain-averaged 
temperature profile, and P_NO_WND_SH and A_NO_
WND_SH have their respective domain-averaged specific 
humidity, all with zero wind. The purpose of NO_WND_
CTL, NO_WND_T and NO_WND_SH experiments is to 
find the relative influence on TC size from temperature pro-
file and specific humidity differences. Then the remaining 
difference can be inferred that it is from the contribution 

of different wind fields. For each experiment, two parallel 
runs were conducted; one with an initial vortex and the other 
one without a vortex. The reason for having two parallel 
runs is to remove the evolution of the background fields 
when examining the evolution of the vortices. The difference 
between the two represents the evolution of the vortex under 
the influence of the background state. The figures shown 
and discussed below have all the fields from their respective 
parallel runs without a vortex subtracted off. All the experi-
ments are listed in Table 2.

3 � Effects of mean states on the TC size 
in WNP and NA

Figure 3 shows the simulated wind fields at the surface in 
the CTL experiments during the first three simulation days. 
With the same initial vortex, the one in the WNP background 
(P_CTL) is larger than that in the NA background states 
(A_CTL) for both the inner core and the outer radius. The 
vortex in the P_CTL is more symmetric than in the A_CTL, 
likely due to the more uniformly distributed SST and the 
mean flow (Fig. 1).

The average radius of the 17 m s−1 surface wind speed 
(R17) is a common measure of the TC size. We take two 
approaches to compute R17. One is the averaged size of 
the TC vortex from before and until 3 h after when it has 
reached its maximum intensity during the integration; the 
other is the average size of last 6 h of the simulation. In 
general, the two approaches produced similar results in term 
of the ratio between two pairs of the experiments for WNP 
and NA. Unless specified explicitly, the numbers using the 
first approach are displayed and discussed in the follow-
ing, with numbers retrieved from both approaches listed in 
Table 3. Figure 4 compares the time evolution of the maxi-
mum wind speed (MWS) near the surface, the minimum sea 
level pressure (MSLP) and the size (R17) between P_CTL 
and A_CTL. The TC in P_CTL developed faster and became 
stronger than that in A_CTL. The evolutions of the R17 for 
P_CTL and A_CTL show that the size of TC in the WNP 
background is bigger than in the NA background (Fig. 4c). 
In general R17 gets larger as time evolves in numerical 
simulations. Kilroy et al. (2016) illustrated that the size of 

Table 2   List of all experiments Group Wind Temperature (including SST) Specific humidity

P/A_CTL Domain climatology Domain climatology Domain climatology
P/A_AVESH Domain climatology Domain climatology 2-domain average of 

zonal mean SH
P/A_NO_WND_CTL None 2-domain average 2-domain average
P/A_NO_WND_T None Own domain average 2-domain average
P/A_NO_WND_SH None 2-domain average Own domain average
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a TC could continually increase even after the intensity has 
reached its maximum and begun decaying. Wu et al. (2015) 
constructed the relationship between TC size and intensity 
over the WNP using satellite images and concluded that the 
relationship is nonlinear. They found that the TC size gener-
ally increases with increasing TC maximum sustained wind 
before the TC size reaches 250 km or before the TC intensity 
reaches 53.0 m s−1 and then slowly decreases as the TC 
intensity further increases.

Figure 5 shows the radial distribution of the azimuthal-
mean tangential wind at 10 m height for P_CTL and A_
CTL in the TC mature stage. The average size of P_CTL 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3   Wind fields (vectors) and total wind speed (shaded) at surface in (a–d) P_CTL, and (e–h) A_CTL at the interval of 24 h

Table 3   The TC sizes (R17) in all experiments

The left-side number in a cell is the result from using the average size 
of the TC vortex before and after 3 h when it reached its maximum 
intensity. The right-side number in the cell is the result using the 
average size of the last 6 h of the simulation

Group WNP (km) NA (km) ΔS (km)

CTL 165|184 114|114 51|70
AVESH 162|175 124|123 38|52
NO_WND_CTL 127|134 127|134 0
NO_WND_T 159|166 113|122 46|44
NO_WND_SH 141|142 119|121 22|21

(a) (b) (c)

Fig. 4   Time evolutions of a MWS, b MSLP and c R17 at 10 m for P_CTL (blue line) and A_CTL (red line)
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and A_CTL as measured by R17 is 165 and 114 km, 
respectively, and the size difference is 51 km (Table 3). 
The size difference continues to increase, reaching about 
70 km toward the end of simulation. This result of a larger 
TC size in the WNP than in NA is consistent with previ-
ous observational analyses (e.g., Chan and Chan 2012; 
Merrill 1984).

4 � Contributions of different environmental 
variables to TC sizes

Next, we conduct sensitivity experiments to investigate 
the relative role of different environmental variables in 
affecting the TC size. Table 2 lists all the experiments 
designed to investigate separately the effect of specific 
humidity, temperature profile and wind fields on TC size.

4.1 � Specific humidity

In the AVESH experiments, the specific humidity in the P_
AVESH and A_AVESH are the same, using the average of 
the zonal mean specific humidity of the two ocean domains. 
Figure 6 shows the time evolutions of the simulated MWS, 
MSLP, and R17 in the experiments. Compared to the CTL, 
the TC size difference between WNP and NA is smaller in 
this set of experiment, as we have decreased moisture in 
WNP and increased moisture in NA by using the average 
between them. Values centered around the peak intensity 
at t = 114 h were used to compute the mature stage size in 
P_AVESH and t = 96 h for A_AVESH, and the retrieved 
values are 162 and 124 km, respectively, with a 38 km differ-
ence (Table 3). Comparing the R17 difference in the AVESH 
experiments (38 km) and the difference in the CTL experi-
ments (51 km), we can estimate the contribution from dif-
ferent specific humidity. Since the specific humidity fields 
in the two AVESH experiments are the same, the 38 km size 
difference would come from the impact of other variables 
and the remaining 13 km difference (51 minus 38 km) can 
be attributed to the effect of specific humidity. Through the 
AVESH sensitivity experiments, the relative contribution 
of the specific humidity (SH) and all other state variables 
(NOSH) are shown in Fig. 7. Using percentage contribu-
tion, we arrive at a roughly 25% contribution from the spe-
cific humidity and 75% from other variables contributing to 
the TC size difference between WNP and NA (red bars in 
Fig. 7). Similar percentages are obtained using the final hour 
estimate of the size (blue bars in Fig. 7).

4.2 � Temperature profile and wind fields

As the temperature f ield can be expressed as 
T(x, y, p) = T(p) + T �(x, y, p) , it is necessary to point out 
that the temperature profile we refer to here is the stabil-
ity-related vertical profile T(p) instead of disturbance part. 
In order to estimate the relative contributions of the tem-
perature profile and the wind fields separately, three sets of 
experiments are conducted, listed in Table 2. In the first set 

Fig. 5   The radial distribution of the azimuthal-mean tangential wind 
at 10 m height for P_CTL (blue) and A_CTL (red) in the TC mature 
stage. The dashed line denotes 17 m s−1

(a) (b) (c)

Fig. 6   Time evolutions of: a MWS, b MSLP and c R17 for the AVESH experiments



4149Effects of background state on tropical cyclone size over the Western North Pacific and Northern…

1 3

of experiment, the wind fields are set to zero and other vari-
ables (i.e. hgt, t, sh, ps, SST) are replaced by the average of 
two ocean domain-averaged vertical profiles, identified as 
NO_WND_CTL experiment, to isolate the effect of tempera-
ture and wind field. Since the SST in WNP is more uniform 
while that of NA has a larger meridional gradient (Fig. 1), 
we check the TC tracks of CTL experiments to ensure the 
TC difference is not caused by the local SST as the vortex 
moves during the integration. Figure 8 shows the TC tracks 
in WNP and NA for the CTL experiments and all sensitivity 
experiments. The track of A_CTL and A_AVESH in Fig. 8b 
moves almost with the constant background wind speed. The 
TCs in the other three experiments with no wind move with 
the beta effect to northwestward.

With identical environmental conditions except for the 
domain, the TC vortices in the NO_WND_CTL experi-
ments are very similar, and are more symmetric and develop 

slightly slower than those in the CTL experiments (figures 
not shown). Figure 9a–c show the time evolutions of MWS, 
MSLP, and R17, respectively. The time chosen for comput-
ing the size around their lowest MSLP point is at 108 h for 
both P_NO_WND_CTL and A_NO_WND_CTL. The 6 h 
averaged sizes are nearly identical (Table 3). To demonstrate 
that the NO_WND experiments can serve our purpose with-
out causing significant imbalance, we also conducted a sup-
plemental experiment in which the wind fields are set to 
zero while all other environmental variables have their own 
domain averages. This supplemental experiment produced 
very similar evolutions of the intensity and size as in the 
control (figure not shown), and the size difference is 77 vs 
70 km in the control.

In the NO_WND_T experiments, the domain averaged 
temperature profile in each basin is used for WNP and NA 
with zero winds and we compare them with the NO_WND_
CTL experiments. Before we examine the TC sizes, the 
effect of temperature profile on TC intensity is assessed first 
since the TC size may be associated with the intensity (Wu 
et al. 2015). Figure 10a shows the temperature profile of 
P_NO_WND_T and A_NO_WND_T, where the tropopause 
in the simulations is around 17 km as reflected by the tem-
perature inversion. Even though the temperature profiles 
look close to each other, the difference between them is more 
pronounced (Fig. 10c). The temperature in P_NO_WND_T 
is 1.5 degree warmer than in A_NO_WND_T near the sur-
face while it is 1.5 degree colder at the tropopause. Emanuel 
(1988) proposed that the heat budget of a tropical cyclone 
can be considered as a Carnot engine with the thermal 
energy imported from the underlying ocean and exported in 
the upper-level outflow layer. The thermodynamic efficiency 
of a TC can thus be defined as � =

Ts−T0

Ts
 from the environ-

mental temperature where Ts is the temperature at the bottom 

Fig. 7   Relative differences of the TC sizes in the WNP and NA: In 
the control with all the background states, contribution from the spe-
cific humidity difference (SH) and from the remaining state variables 
(NOSH). The red bar is the result using the averaged TC size from 
before and after 3 h when it reached its maximum intensity. The blue 
bar is the result using the averaged TC size of the last 6 h of simula-
tion time

(a) (b)

Fig. 8   Strom tracks of all experiments in a WNP and b NA
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and To is the temperature at the top. Based on the tempera-
ture profiles in the two ocean basins, the (Ts–To) in the WNP 
is about 3 degrees larger than in the NA. In other words, the 
temperature profile of WNP is more favorable for the higher 
TC intensity.

Since the temperature difference between the top and the 
bottom is larger in the WNP, the intensity of P_NO_WND_T 
experiment is higher so that the MSLP is lower than in A_
NO_WND_T (Fig. 9e). In this set of experiment, the 6 h 
averaged size of R17 is 159 km for P_NO_WND_T and 
113 km for A_NO_WND_T, with the time for estimating the 
TC mature-stage average size at 112 and 90 h, respectively 
(Fig. 9f). The mature stage size difference between them 
is 46 km (Table 3). Since the only difference in these two 
NO_WND_T experiments is the temperature profile, this 
size difference comes from the temperature difference.

The moisture of the background state can also affect the 
TC size as discussed in Sect. 4.1. Figure 10b, d show profiles 
and difference of the specific humidity in P_NO_WND_SH 
and A_NO_WND_SH. In this set of experiment, the tem-
perature profiles used are the same as the average between 
the two basins while the specific humidity holds its own 
domain-average. The specific humidity of the WNP is more 
abundant at almost every level. Figure 9g–i show the time 

evolutions of MSLP, MWS and R17 in the NO_WND_SH 
experiments. The TC-vortex in A_NO_WND_SH developed 
later than in P_NO_WND_SH so that the size difference 
between them is large in the early stage. The late develop-
ment of the TC-vortex in A_NO_WND_SH is also shown 
by the size expansion of the vortex as measured by R17 
(Fig. 9i).

The result indicates that more abundant specific humidity 
in WNP can make the TC size larger (Fig. 9i). The instan-
taneous rainfall rates are plotted in Figs. 11 and 12 for the 
NO_WND_T and NO_WND_SH, respectively. While the 
intensity of the rainfall rates corresponds well with the TC 
intensities, the rainfall distributions are more similar in the 
NO_WND_SH than in the NO_WND_T experiment. Com-
pared with NO_WND_SH, the difference in area of TC spi-
ral rain band is larger in NO_WND_T, which indicates that 
the difference in TC size is also more obvious. The model 
is capable of simulating spiral rainband in the absence of 
background winds. In the P_NO_WND_T experiment 
(Fig. 11), the rainband is larger and contracts toward the 
inner core, potentially with eyewall replacement mecha-
nism. In the A_NO_WND_T experiment, the precipitation 
is more confined near the core. The delayed development 
in A_NO_WND_SH comparing with P_NO_WND_SH can 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 9   Time evolutions of the MWS (left), MSLP (center) and R17 (right) of NO_WND_CTL experiments (a–c, upper panels); NO_WND_T 
experiments (d–f, middle panels); and NO_WND_SH experiments (g–i, lower panels)
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also be seen from the rainfall rate distribution (Fig. 12). The 
time for computing the size at the mature stage chosen for 
P_NO_WND_SH and A_NO_WND_SH is at 102 and 96 h 
and the 6-h averaged mature stage size is 141 and 119 km, 
respectively.

From the result of these three sets of experiments, we esti-
mated that the contribution of temperature profile and spe-
cific humidity on TC size has a ratio of about 2.1:1, between 
the size difference from NO_WND_T (46 km) and the size 
difference from NO_WND_SH (22 km). In Sect. 4.1, we 
have deduced that the impact of specific humidity to the 
TC size is about 25–26%. Using the relationship of 2.1:1 
between the contribution from temperature profile and from 
the specific humidity, we then arrive at a 53–55% contribu-
tion from the temperature profile. The remaining percent-
age of the TC size difference is about 19–22% that can be 
inferred as the contribution from the wind field differences 
(Fig. 13).

4.3 � Possible mechanisms for the difference of R17

From the point of view of the TC tangential wind profile, 
R17 is related to storm inner-core size represented by the 
radius of maximum wind (RMW), the slope of tangential 
winds outside the RMW, and the intensity of TC (MWS). 
In order to find the possible mechanism for the R17 differ-
ence between the two basins investigated here, we first col-
lect the R17 and MWS data from all experiments beyond 
the 24 h integration (Fig. 14a, b). Lines represents linear 
regression and r is the slope of the line. The correlation 
coefficient between R17 and MWS is 0.81 for all experi-
ments including both basins. The high correlation between 
the size and the intensity is resonable because the R17 is 
the distance that the wind decays to gale force from the TC 
center. In other words, the stronger the MWS, the larger 
the R17, and vice versa (Wu et al. 2015; Knaff et al. 2015). 

(a) (b)

(d)(c)

Fig. 10   The vertical profiles of the domain-averaged a temperature profile and b specific humidity of WNP (blue) and NA (red). c, d Are the dif-
ference of the vertical temperature profile and specific humidity between WNP and NA
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Comparing the two panels, TCs in the WNP have larger 
R17 than those in the NA with similar intensities.

The relationship between R17 and RMW is displayed in 
Fig. 14c, d for the WNP and NA, respectively. The correla-
tion coefficient between the RMW and R17 is 0.62. This 
number is less than the one between R17 and MWS as in 
some experiments RMW contracts while the intensity and 
R17 increases. In addition, there are situations where R17 of 
the WNP TCs are larger than in the NA with similar inner-
core size.

Xu and Wang (2010) pointed out that the surface entropy 
fluxes (SEF) are critical to the growth of the inner-core size. 
SEF is the sum of sensible-heat and latent-heat flux. Here we 
explore the relationship between SEF and the size difference. 
The time evolutions of the sizes along with SEF for all cases 
are plotted in Fig. 15. In Fig. 15a, b, the area-integrated SEF 
are computed within a 150 km radius. We also computed the 
SEF with different radial area, including 75 and 300 km. 
Their time evolutions are very similar to those shown here 
within the radius of 150 km (figures not shown). While the 
SEF increases steadily with time for both basins, the RMW 
of the simulated TCs contracted rapidly in the first 24–36 h 
with little changes thereafter (Fig. 15c, d). Meanwhile, the 
R17 increases gradually along with the increase of the SEF 
(Fig. 15e, f). The RMW of TCs is larger in the WNP than in 

the NA in a confined area near the core (Fig. 15c, d), and the 
averaged difference is roughly 6.5 km for all experiments. 
In summary, the inner-core size settles down quickly in the 
early stage without much further changes while the outer 
size continues to increase.

The TC intensities increase with the increase of the SEF 
as shown by the MSLP (Fig. 15g, h) and MWS (Fig. 15i, j) 
evolutions. The SEF in Fig. 15a, b indicates that the back-
ground state in the WNP generates more SEF than in the 
NA, leading to higher TC intensities in the WNP. Comparing 
to the difference of the RMW (Fig. 15c, d), the difference 
of the R17 (Fig. 15e, f) between the two basins is larger. 
The integrated SEF and the temperature profiles explain the 
difference in the intensity and R17 between TCs in WNP 
and NA.

There is no clear relationship between the SEF and its 
corresponding intensity and size for individual experiments 
within each basin. For example, the NO_WND_T has the 
largest SEF among the experimental group in the WNP, but 
neither its intensity nor its size stands out. We speculate that 
the vertical temperatrue profiles for individual cases such as 
displayed in Fig. 10 may shed some lights on the intensity 
differences. Since our current study is focused on the dif-
ference between the two basins, we have not exhausted the 
effort to investigate individual cases within each basin. The 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 11   Plots of instantaneous rainfall rate (mm h− 1) including cumulus and grid scale precipitation in (a–d) for P_NO_WND_T, and (e–h) for 
A_NO_WND_T
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main conclusion is that the TC outer size depends on the TC 
intensity while the inner size does not increase with time.

5 � Summary and discussion

Observational studies indicated that the outer sizes of TCs 
are different in different basins, years, latitudes, and environ-
mental conditions. A clear characteristics is that TCs in the 
WNP in general have larger sizes than those in NA. It has 
not been well understood why the TC size difference exists 
between the WNP and NA and what environmental factor 
is more important in influencing the TC size. In this study, 
we conduct a series of idealized numerical experiments with 
the climatological mean states extracted from a long period 
of reanalysis data to investigate how the mean state affects 
the TC size. Through carefully designed experiments, we 
estimate the relative contribution of the temperature pro-
file, specific humidity and wind fields to the size differences 
between the WNP and NA.

The control experiments using the climatology mean 
states of the two basins as the background show that the 
WNP state is more favorable for more intense TCs than the 
state of the NA. The outer size of a TC, as measured by the 
radius of the gale force wind, increases with the increase of 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 12   Plots of the instantaneous rainfall rate (mm h−1) including cumulus and grid scale precipitation in (a–d) P_NO_WND_SH, and (e–h) 
A_NO_WND_SH

Fig. 13   Relative contribution of specific humidity, temperature pro-
file and wind field to the TC size difference between WNP and NA. 
The red bar is the result using the averaged TC size from before and 
after 3 h when it reached its maximum intensity. The blue bar is the 
result using the averaged TC size of the last 6 h of simulation time
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the TC intensity. A linear correlation between the intensity 
and the size is obtained. Therefore, a favorable environment 
for TC intensity is also supportive of larger TC sizes. The 
inner-core size, as measured by the radius of the maximum 
wind, collapses quickly during the early TC developing stage 
and then remains relatively unchanged as the TC continues 
to intensify. The temperature profile of the mean state in 
the WNP has a higher sea surface temperature and a lower 
tropopause temperature than in the NA. Based on the theory 
of Emanuel’s Maximum potential intensity (MPI) theory, we 
identified that the temperature profile of WNP can support 
more intense TCs, leading to a larger size. The influence of 
the temperature profile to the TC size difference is about 
twice as large as humidity profile, the latter slightly more 

important than the wind fields. The intensity evolution also 
corresponds well with the surface entropy flux evolution. 
In summary, the larger TC sizes in the WNP are a result of 
higher TC intensities supported by its environment.

In the current study, we concentrate on the effect of the 
mean state on the TC size difference. In the future study, 
we will further examine the impact of initial disturbance 
on the TC size in different basins. In previous studies, it 
was identified that synoptic wave train is the major precur-
sor disturbance for TCs in the WNP while it is the easterly 
waves in the NA. We will investigate how different pre-storm 
disturbances and interactions between the environment and 
the TC disturbances affect the TC sizes.

(a) (b)

(d)(c)

Fig. 14   Scatter diagrams for: R17 versus MWS (upper panels); and 
for R17 vesrus radius of maximum wind (lower panels). All model 
simlution data beyond 24  h are included from experiments for the 

WNP (left panels) and for the NA (right panels). Lines indicate the 
regression fit. The correlation coefficient between R17 and MWS is 
0.81, and 0.62 between R17 and RMW
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