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Abstract: A high-resolution Weather Research and Forecasting (WRF) model is used to simulate
inner-core thermodynamic (such as moist static energy) and dynamic secondary circulation structure
evolutions associated with the rapid intensification (RI) of Super Typhoon Yutu (2007). The results
show that the column-integrated moist static energy (MSE) and the secondary circulation strength
are significantly correlated to the typhoon intensity change. A rapid increase of the MSE during the
RI period is primarily attributed to inner core temperature increase, due to enhanced subsidence
within the eye and strengthened convective heating along the eyewall. The column-integrated MSE
budget analysis shows that its rapid increase during the RI is mainly caused by surface latent heat
flux. A further diagnosis of the Sawyer–Eliassen equation shows that the rapid strengthening of the
secondary circulation during RI results from both the radially expanding positive diabatic heating
over the eyewall and the occurrence of a second heating center outside the eyewall. While the radially
expanding eyewall heating contributes about 70% of the secondary circulation change, the outer
heating contributes about 30%.

Keywords: TC rapid intensification; moist static energy; secondary circulation; diabatic heating

1. Introduction

Tropical cyclones (TCs) often cause great casualties and economic losses through direct
or indirect impacts, such as heavy rainfall and strong winds, as well as meteorological and
geological hazards associated with TCs [1–3]. Although the forecast of TC track has been
improved steadily in the past few decades, there are still great challenge in predicting TC
intensity change, especially TC rapid intensification (RI) [4–6].

TC rapid intensification is known as a marked increase in TC intensity in a very short
time, for example, an increase of TC maximum wind speed of 30 kt within 24 h. Among
the global TC basins, the proportion of TCs with RI in the total TCs in the western North
Pacific (WNP) is the highest [7]. In the WNP, 90% of Category 4 and 5 TCs experienced one
RI episode at least during their life cycles.

Previous studies suggested that large-scale environmental conditions played an impor-
tant role in regulating the RI processes [8,9]. For example, Kaplan and Demaria [9] found
several environmental factors that favor RI in the North Atlantic, including high sea surface
temperature, high low-level humidity, weak vertical wind shear, and high upper-level
divergence. In some occasions, TCs could intensify rapidly in strong or moderate vertical
wind shear [10,11]. An interaction between an upper-tropospheric trough and a TC could
trigger TC intensifying [12,13].
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TC inner structural characteristics may also affect the RI processes [14–16]. Kossin
and Eastin [14] demonstrated that the most RI events occurred when a ringlike structure
appeared in the inner core. Similar results were documented for Hurricane Elena (1985)
by Corbosiero et al. [17,18], Hurricane Olivia (1994) by Reasor et al. [19], and Hurricane
Guillermo (1997) by Reasor et al. [20]. Although these studies were mostly confined in the
Atlantic basin due to a lack of aircraft observations in other basins, these studies shed lights
on the possible relationship between TC inner-core structure and RI in other ocean basins.

High-resolution numerical weather prediction models have been used to study the
relationship between TC inner core structure and RI [21–23]. For example, Nguyen et al. [21]
examined the inner core structure evolution in the simulation of a high-impact hurricane
Katrina (2005). They revealed that Katrina’s inner core showed fluctuation between states
of symmetric and asymmetric, and the maximum wind speed increased rapidly during the
symmetric phase. Zhang et al. [23] showed that typhoon Haikui (2012) was structurally
symmetric during RI and the range of the eyewall was small in the low troposphere but
extended outward in the upper troposphere.

Many previous studies examined the temperature and circulation characteristics
(including the warm core and entropy fields) during TC intensification, but paid less
attention to the evolution of vertically integrated moist static energy (MSE) and the cause of
the MSE change. Furthermore, what causes the secondary circulation evolution and to what
extent the secondary circulation change is related to the eyewall and outer heating during
the RI period are still unresolved. In this work, we intend to address the aforementioned
science questions. Because TC internal structure data are unavailable in the WNP due to a
lack of aircraft observations, we rely on a high-resolution numerical model simulation. The
rest of this paper is organized as follows. In Section 2, the data, model, and methods are
briefly introduced. The simulated TC inner core thermodynamic and dynamic structure
changes during the RI are presented in Section 3. Finally, a summary and discussion are
given in the last section.

2. Data, Model Configuration, and Methods
2.1. Data and Model Configuration

The observational TC data are from the Joint Typhoon Warning Center (JTWC) best-
track dataset. The Weather Research and Forecasting (WRF-ARW) model (version 3.7.1) is
used to simulate the intensity and structure changes of Super Typhoon Yutu (2007) that
formed in the WNP on 17 May 2007. There are two reasons why we selected this typhoon.
Firstly, about 400 Typhoon WRF simulations in the WNP during 2000–2019 were carried out,
and Typhoon Yutu simulation is one of the best in terms of its intensity and track forecast.
Secondly, according to a statistical analysis of Wang and Zhou [7], most of the TC RI (84%)
occurs from July to November, with a peak in September. There are relatively few TCs that
experienced RI in May. This is why we chose this particular TC in the current study. The
initial and lateral boundary conditions are interpolated from NCEP FNL (Final Operational
Global Analysis data), with a horizontal resolution of 1.0◦ × 1.0◦ at 6 h intervals. The model
is integrated for five days and twelve hours, from 0600 UTC 17 May 2007 to 1800 UTC
22 May 2007.

The model is configured with three domains of horizontal resolutions of 18, 6, and
2 km, with 36 vertical levels. The first domain (d01) has 462× 396 grids, the second domain
(d02) has 399 × 399 grids, and the third domain (d03) has 450 × 450 grids. The second
and third domains automatically move, following the movement of the storm center via
an automatic vortex-following algorithm. Figure 1 shows the geographic locations of the
three domains.
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Figure 1. WRF nested domain configuration for Typhoon Yutu (2007) simulation. The first domain 
(d01, black) has 462 × 396 grids, the second domain (d02, blue) has 399 × 399 grids, and the third 
domain (d03, red) has 450 × 450 grids. 

The model physics packages include a single-moment 6-class (WSM6) microphysics 
scheme [24], the Kain–Fritch convective scheme [25], the Dudhia scheme for shortwave 
radiation processes [26], and the rapid radiative transfer model (RRTM) for longwave ra-
diation processes [27] in the first (outermost) domain. The same physics packages except 
an explicit convective scheme are used for the second and third domains. 
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Figure 1. WRF nested domain configuration for Typhoon Yutu (2007) simulation. The first domain
(d01, black) has 462 × 396 grids, the second domain (d02, blue) has 399 × 399 grids, and the third
domain (d03, red) has 450 × 450 grids.

The model physics packages include a single-moment 6-class (WSM6) microphysics
scheme [24], the Kain–Fritch convective scheme [25], the Dudhia scheme for shortwave
radiation processes [26], and the rapid radiative transfer model (RRTM) for longwave
radiation processes [27] in the first (outermost) domain. The same physics packages except
an explicit convective scheme are used for the second and third domains.

2.2. Moist Static Energy Analysis

The moist static energy (MSE) is an important quantity to measure the strength and
propagation of tropical weather and climate systems such as the Madden–Julian Oscillation
and El Niño–Southern Oscillation [28–31]. In this study, we intend to use this quantity to
measure the TC total thermodynamic energy and link its change to RI.

MSE is defined as m = CpT + gz + Lvq, where Cp is the specific heat capacity at
constant pressure (1004 J K−1 kg−1), T is the air temperature, g is the gravitational ac-
celeration (9.8 m s−2), z is the geopotential height, Lv is the latent heat of vaporization
(2.5 × 106 J kg−1), and q is the specific humidity. MSE represents the summation of internal
energy, potential energy, and latent heat.

Following TC movement, the column-integrated MSE tendency equation can be
written as

〈dm
dt
〉 = 〈LW〉+ 〈SW〉+ LH + SH (1)

where 〈LW〉 and 〈SW〉 represent column-integrated net longwave and shortwave heating
rates, and LH and SH represent latent and sensible heat fluxes at the surface. The angle
brackets denote a column-integration from the surface to the top of the troposphere.

2.3. Analysis of the Secondary Circulation Using the Sawyer–Eliassen (SE) Equation

With the Boussinesq approximation, the SE equation in the radius-height (r–Z) coordi-
nates [32,33] can be written as
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The interpretation of the equation and the meaning of each symbol are the same as
Fudeyasu and Wang [34]. ψ is the azimuthal-mean transverse stream function, and it
has the following relationship with azimuthal-mean radial wind vr and azimuthal-mean

vertical velocity w: vr = − 1
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at a constant height about the circulation center. The left-hand side of the SE equation
includes three parameters defined as

A = N2 = g
θ0

∂θ
∂Z

B = −ξ ∂vt
∂Z

C = ξη

where vt is the azimuthal-mean tangential wind, θ is the azimuthal-mean potential tem-
perature, η = f0 + ζ is the azimuthal-mean absolute vertical vorticity, ζ is the azimuthal-
mean relative vertical vorticity, f0 is the planetary vorticity at the cyclone center, and
ξ = f0 + 2vt/r is the vortex inertial parameter. The three parameters (A, B, C) represent
the static stability, baroclinicity, and inertial stability of a symmetric TC state.

Forcing terms on the right-hand side of the SE equation include diabatic heating and
the eddy-induced damping term. During TC RI, the major contributing forcing is the
azimuthal-mean diabatic heating. We will focus on the analysis of this forcing in deriving
the azimuthal-mean transverse stream function.

3. Results
3.1. Simulated TC Track and Intensity Changes

The simulated TC track (red) is shown in Figure 2a. As one can see, the model
successfully simulates the movement of TC Yutu. Initially, Yutu moves northwestward,
and then turn northeastward in a later stage.

Figure 2b,c illustrate the evolution of TC intensity in terms of the maximum 10 m wind
speed (MWS) and the minimum sea level pressure (MSLP) from 17 to 22 May 2007. While
the TC track and intensity are in general reasonably simulated, there is a notable bias in the
TC intensity simulation, which might be caused by the model convective parameterization
scheme. Observed RI occurred from hour 24 to hour 72, but simulated RI happened from
hour 24 to hour 48, while the intensification rate in the model was weaker from hour 48
to hour 72. In the following analysis, we will focus on examining the inner-core structure
changes during the two periods, from hour 24 to hour 48 and from hour 48 to hour 72.

3.2. MSE Structure and Evolution Characteristics

Figure 3 shows the time evolution of the column-integrated MSE and column-integrated
kinetic energy averaged in the 150 km radius around the TC center. It is interesting to note
that the column-integrated MSE increases steadily as the TC intensifies, and decreases as the
TC weakens (Figure 3a). In fact, the correlation coefficient between the column-integrated
MSE and the TC MWS is 0.72, and the correlation coefficient between the MSE and TC
MSLP is −0.80. The column-integrated kinetic energy increases rapidly as TC intensifies,
and the temporal correlation coefficient between the column-integrated kinetic energy and
the TC MWS (MSLP) is 0.92 (−0.98). Given the sampling numbers 45, both the correlations
pass the 95% confidence level.

The MSE analysis above indicates that the evolution of TC total thermodynamic energy
is closely linked to the evolution of TC maximum tangential wind or kinetic energy. Both
the forms of TC energy increase as the TC develops. To further examine how the MSE
radial-vertical structure evolves during the RI period and what are the major contributors
of the MSE increase, we plotted the radial-vertical cross sections of the MSE difference field
and its three components (i.e., CpT, gz, Lvq) between hour 48 and hour 24 and between
hour 72 and hour 48, respectively (Figures 4b–d and 5b–d). Note that the change of potential
energy term gz is negligible (Figures 4c and 5c), and the increase in MSE is largely attributed
to the increase of the term CpT (Figures 4b and 5b). During the period of hour 24 to
hour 48, two maximum centers appear in the CpT term, with one in the upper level at
15 km and the other at 6 km. Both the centers are located within the radius of 100 km,
implying a rapid warm core formation during the RI period (Figure 4b). During the period
of hour 48 to hour 72, the largest contribution occurs in a low level between 3 and 7 km
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(Figure 5b). The term Lvq also contributes to the MSE increase, primarily over the eyewall
region (where strong ascent transports moisture upward) and near the surface (due to
evaporation from the ocean surface). Its contribution becomes negative outside of the
eyewall where compensating subsidence occurs and within the eye where the sinking
motion dominates (Figures 4d and 5d).
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An interesting question is what causes the rapid MSE increase during the RI period.
As the MSE change is primarily affected by column-integrated radiative fluxes and surface
fluxes (Equation (1)), one may diagnose the relative contribution of the column-integrated
long-wave and short-wave radiation and surface sensible and latent heat flux averaged
during the two periods (i.e., from hour 24 to hour 48 and from hour 48 to hour 72).
Tables 1 and 2 show the diagnoses results of column-integrated longwave radiation and
shortwave radiation fields and surface latent and sensible heat flux fields averaged within a
150 km radius. It was found that in both the periods the maximum contribution arises from
the surface latent heat flux, followed by the surface sensible heat flux and the shortwave
radiation. The strongest contribution of the latent heat flux is consistent with the fact
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that the condensational heating is the main energy source for TC development. The wind-
induced surface heat exchange (WISHE) theory proposed by Emanuel [35] and Rotunno and
Emanuel [36] stresses the importance of a positive feedback among wind-induced surface
heat flux, moisture, and convection. The atmosphere also gains energy from shortwave
radiative heating and the surface sensible heat flux. The column-integrated longwave
radiation tends to cool the troposphere, but its impact is overwhelmed by contributions
from the other three terms.
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Table 1. Contributions to the total derivative of the column-integrated MSE 〈dm/dt〉 from hour 24 to
hour 48 by different terms, long wave radiation 〈LW〉, short wave radiation 〈SW〉, latent heat flux
LH, and sensible heat flux SH averaged between hour 24 and hour 48 (unit: 103 W m−2).

〈dm/dt〉 〈LW〉 〈SW〉 LH SH

4.33 −1.05 0.32 4.22 0.85

Table 2. Contributions to the total derivative of the column-integrated MSE 〈dm/dt〉 from hour 24 to
hour 48 by different terms, long wave radiation 〈LW〉, short wave radiation 〈SW〉, latent heat flux
LH, and sensible heat flux SH averaged between hour 48 and hour 72 (unit: 103 W m−2).

〈dm/dt〉 〈LW〉 〈SW〉 LH SH

3.22 −1.57 0.33 3.58 0.89
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3.3. Secondary Circulation Structure and Evolution Characteristics

TC secondary circulation is critical in enhancing the primary circulation (i.e., rotation
flow) through induced low-level inflow and diabatic heating [37,38]. In order to measure
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the intensity of the secondary circulation, we calculated the column-integrated transverse
stream function from the surface to 18 km within the radius of 450 km, representing the
overall strength of the TC secondary circulation.

It has been shown that the strength of the low-level inflow near the radius of the
maximum wind can be directly linked to the growth of the storm’s MWS through the inward
transport of the absolute angular momentum associated with the low-level inflow [37,38].
Therefore, another secondary circulation index is defined as the azimuthal-mean radial
wind averaged from the surface to the height of 1 km between the radius of 50 and 150 km.

Figure 6 shows the time evolution of the two secondary circulation strength indices (i.e.,
the stream function index and the low-level inflow index). Note that the stream function
index increases rapidly during the RI period (Figure 6a). The correlation coefficient between
the time series of the stream function index and the MWS (MSLP) is 0.91 (−0.97). The low-
level inflow strength also increases as the TC intensifies and decreases as the TC weakens
(Figure 6b). The correlation coefficient between the time series of the low-level inflow index
and the MWS (MSLP) is −0.9 (0.94). Again, the correlations pass the 95% confidence level.
This indicates that the secondary circulation changes reflect well the TC primary circulation
(i.e., intensity) change.
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Figure 7a shows the structure change of the azimuthal-mean radial wind and vertical
velocity fields between hour 48 and hour 24. The most noted features are the strengthening
of low-level inflow and upper-level outflow and the increase of the ascending velocity
along the eyewall. Accompanying the secondary circulation strengthening is the enhanced
diabatic heating pattern shown in Figure 7c. For comparison, Figure 7b shows the radial
wind and vertical velocity fields diagnosed based on the Sawyer–Eliassen (SE) equation
forced by the heating pattern shown in Figure 7c. As one can see, the SE equation repro-
duces the upper-level outflow, low-level inflow, and updrafts difference fields reasonably
well during the RI period, even though the outflow intensity is weaker.



Atmosphere 2022, 13, 1105 9 of 13

Atmosphere 2022, 13, x FOR PEER REVIEW 9 of 14 
 

 

 

 
Figure 6. Temporal evolutions of (a) the secondary-circulation stream function index (black; 109 s−1), 
(b) the secondary-circulation low-level inflow index (black; m s−1, negative represents inflow), the 
MWS (red; knots), and the MSLP (blue; hPa). 

Figure 7a shows the structure change of the azimuthal-mean radial wind and vertical 
velocity fields between hour 48 and hour 24. The most noted features are the strengthen-
ing of low-level inflow and upper-level outflow and the increase of the ascending velocity 
along the eyewall. Accompanying the secondary circulation strengthening is the en-
hanced diabatic heating pattern shown in Figure 7c. For comparison, Figure 7b shows the 
radial wind and vertical velocity fields diagnosed based on the Sawyer–Eliassen (SE) 
equation forced by the heating pattern shown in Figure 7c. As one can see, the SE equation 
reproduces the upper-level outflow, low-level inflow, and updrafts difference fields rea-
sonably well during the RI period, even though the outflow intensity is weaker. 

 
Figure 7. Height-radial cross-sections of the change of azimuthal-mean radial wind (shaded; m s−1) 
and vertical velocity (contour; m s−1) from hour 24 to hour 48 (i.e., hour 48 minus hour 24) derived 
from (a) the WRF simulation and (b) the SE equation diagnoses and (c) the change of the diabatic 
heating field (10−3 K s−1) derived from the WRF model from hour 24 to hour 48. 

Figure 7. Height-radial cross-sections of the change of azimuthal-mean radial wind (shaded; m s−1)
and vertical velocity (contour; m s−1) from hour 24 to hour 48 (i.e., hour 48 minus hour 24) derived
from (a) the WRF simulation and (b) the SE equation diagnoses and (c) the change of the diabatic
heating field (10−3 K s−1) derived from the WRF model from hour 24 to hour 48.

The inside negative and outside positive diabatic heating difference field in Figure 7c
implies a radially expanded eyewall during the RI period. Such a radial expansion contin-
ues during hour 48 to hour 72, as can be seen from Figure 8c. The radial expansion of the
eyewall can be better viewed from the vertical-radial cross-sections and horizontal maps
of the azimuthal-mean diabatic heating field. Figure 9 illustrates the temporal evolutions
of the azimuthal-mean diabatic heating field at hour 24, 48, and 72 from the view of the
height-radial cross-sections and horizontal distribution. Note that as the eyewall heating
intensifies, it is expanded radially from hour 24 to hour 48 and from hour 48 to hour 72. The
result suggests that the RI is accompanied by slightly radially expanded eyewall heating.
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Figure 8. Height-radial cross-sections of the change of azimuthal-mean radial wind (shaded; m s−1)
and vertical velocity (contour; m s−1) from hour 24 to hour 48 (i.e., hour 48 minus hour 24) derived
from (a) the WRF simulation and (b) the SE equation diagnoses and (c) the change of the diabatic
heating field (10−3 K s−1) derived from the WRF model from hour 48 to hour 72.

An interesting feature during the period of hour 48 to hour 72 is the emergence of
two split positive heating centers separated by a black dashed line near the radius of
140 km (Figure 8c). An outer heating center emerges outside the eyewall between 140 km
and 200 km, while the inner heating center is located between the 70 km and 140 km radius.
The intensity of the outer heating is weaker and confined above 5 km of height, suggesting
that it might result from stratiform clouds.

To reveal the relative importance of the inner and outer heating anomalies in contribut-
ing to the growth of the secondary circulation during hour 48 to hour 72, we diagnosed the
SE equation with separately specified inner and outer heating forcing. The diagnosed radial
wind and vertical velocity patterns (Figure 8b) when both the inner and outer heating fields
are considered resemble well those directly obtained from the WRF simulation (Figure 8a),
with a weaker intensity.
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Given that the SE equation diagnosis is capable of reproducing the heating induced
secondary circulation change during hour 48 to hour 72, we further examined the relative
contributions of the inner and outer heating. Figure 10 shows the calculation result. The re-
sponse to the inner heating accounts for about 70% while the outer heating contributes 30%.
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inner heating, and the outer heating shown in Figure 8c.
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The results above indicate that the radially expanded eyewall heating during the
two periods (both from hour 24 to hour 48 and from hour 48 to hour 72) is critical for the
strengthening of the secondary circulation and thus for TC RI.

4. Summary and Discussion

Due to a lack of TC inner structure observations in the WNP, the link of TC RI in
the region to TC inner core structure is a long-outstanding issue. In this study, through a
high-resolution simulation, we intended to reveal such a linkage. The WRF model was
used to simulate the inner-core dynamic and thermodynamic structure of Super Typhoon
Yutu (2007). It was found that column-integrated moist static energy (MSE) represents
well the TC intensity change. A rapid increase of the MSE was found during the RI
period. The increase of the column-integrated MSE is primarily attributed to the increase
of temperature in the core region. The rapid increase of the warm core is caused by both
subsidence-induced adiabatic warming within the eye and strengthened diabatic heating
along the eyewall. Moisture also contributes to the MSE increase, primarily near the
surface and along the eyewall. By analyzing the column-integrated MSE budget equation,
we found that the surface latent heat flux is the major contributor to the increase of the
column-integrated MSE during the RI period, followed by the surface sensible heat flux
and column-integrated shortwave radiation.

The column-integrated transverse stream function was calculated as a secondary circu-
lation index to quantitatively measure the overall strength of the TC secondary circulation.
It was found that the time evolution of the secondary circulation index is significantly
correlated to the TC intensity (i.e., the TC primary circulation) change. A rapid increase of
the secondary circulation appears during the RI period, and the increase is characterized
by strengthened low-level inflow and upper-level outflow and enhanced ascending motion
along the eyewall. It was further found that enhanced diabatic heating during the RI
expands radially. The enhanced and radially expanded eyewall is critical to strengthen the
secondary circulation and thus for the RI of the primary circulation.

From hour 48 to 72, in addition to the eyewall expansion, there is another well sepa-
rated heating center outside the eyewall. The outer heating is primarily confined above
5 km of height, and is possibly associated with stratiform clouds. A diagnosis of the SE
equation revealed the relative role of the inner and outer heating anomalies in strengthen-
ing the secondary circulation during the period. The result shows that the strengthening
of the secondary circulation during the period is primarily attributed to the inner eyewall
heating (70%), while the outer heating also plays a role (30%).

Although the current work is only a case study, it points out the important linkage
between column-integrated MSE evolution and the TC intensity change, the cause of the
MSE change during RI, and the role of the radially expanding diabatic heating in causing
the TC rapid intensification. Therefore, the current study sheds some new light on the
long outstanding issue related to TC RI. Further studies examining MSE and secondary
circulation evolution characteristics with more TC cases and considering not only TC inner
core structure but also TC environmental conditions [39,40] are needed, in order to reveal
robust and statistically significant features associated with RI.
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