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ABSTRACT

Based on idealized numerical simulations, the impacts of the diurnal cycle of solar radiation on the diurnal variation of
outer rainbands in a tropical cyclone are examined. It is found that cold pools associated with precipitation-driven downdrafts
are essential for the growth and propagation of spiral rainbands. The downdrafts result in surface outflows, which act asa
lifting mechanism to trigger the convection cell along the leading edge of the cold pools. The diurnal cycle of solar radiation
may modulate the diurnal behavior of the spiral rainbands. In the daytime, shortwave radiation will suppress the outer
convection and thus weaken the cold pools. Meanwhile, the limited cold pool activity leads to a strong modification of the
moisture field, which in turn inhibits further convection development.
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1. Introduction

The diurnal cycle of tropical convection systems has
been widely studied (Gray and Jacobson, 1977; Webster and
Stephens, 1980; Mapes and Houze, 1993; Chen and Houze,
1997; Liu and Moncrieff, 1998; Yang and Slingo, 2001; Ge et
al., 2014). It is realized that diurnal maxima and minima exist
that are associated with precipitation. Possible mechanisms
have been put forward on the role of solar variation in mod-
ulating tropical convection. First, the afternoon minimumof
tropical convection is directly ascribed to the absorptionof
shortwave radiation by the upper portion of the cloud anvils,
which increases the static stability in the cloudy area. In con-
trast, the longwave cooling at night weakens the static stabil-
ity and favors deep convection. Second, the longwave cooling
may enhance relative humidity (RH) sufficiently to alleviate
the entrainment effect. Third, the dynamical consequence of
the differential radiative heating between the convection and
the surrounding clear-sky area produces daily variation inthe
horizontal divergence field, which influences the convection.

Recently, the diurnal cycle of mature tropical cyclones
(TCs) has been documented (Dunion et al., 2014). The satel-
lite imagery reveals cyclical pulses in the cloud field. Thatis,
the diurnal pulses first occur in the inner core around the time
of sunset, and then move outward overnight. Meanwhile,
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Ge et al. (2014) found that the diurnal radiation cycle has
impacts on storm intensification and structure. It is hypothe-
sized that the periodic cycle of radiative heating and cooling
may influence the pre-genesis environment of a developing
TC (Melhauser and Zhang, 2014). The results above indi-
cate that the diurnal cycle may be an important aspect of TC
dynamics, thus affecting storm structure and intensity.

The spiral rainband is an important element of TCs, since
the associated diabatic heating is a key driver of the sec-
ondary circulation and thus affects the transport of absolute
angular momentum (Fudeyasu and Wang, 2011). As such,
the spiral rainband will impact TC size and thus its kinetic
energy. Different storm sizes reflect different extents of wind
damage, heavy rainfall and storm surges associated with TCs.
Recently, observations have increasingly focused on the fine
structure of TC rainbands (Yu and Chen, 2011; Yu and Tsai,
2013; Tang et al., 2014), revealing that different types of spi-
ral rainbands may have markedly different dynamic and ther-
modynamic characteristics. Numerous studies have focused
on the origins, structure and propagation of spiral rainbands
in a TC (e.g., Barnes et al., 1983; May and Holland, 1999;
Franklin et al., 2006; Sawada and Iwasaki, 2010; Li and
Wang, 2012; Dunion et al., 2014). Theoretical and numer-
ical studies suggest a number of important processes for the
formation of rainbands, which include cold pool dynamics
(Yamasaki, 1983, 1986), internal gravity waves (Willoughby,
1978), and vortex Rossby waves (Montgomery and Kallen-
bach, 1997). However, a thorough understanding of the mech-
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anisms involved in modulating the daily variation of spiral
rainbands remains elusive. To this end, the impacts of the
diurnal cycle of solar radiation on the TC rainbands are ex-
amined in the present study using idealized numerical simu-
lations. The major purpose is to examine the possible impacts
of the diurnal cycle of solar radiation on the behavior of outer
rainbands in TCs.

The paper is organized as follows: In section 2, the model
configuration and experimental design are introduced. The
simulation results are compared in section 3, followed by a
discussion of the possible underlying mechanisms in section
4. A short summary and further discussion is provided in
section 5.

2. Model configuration and experimental de-
sign

The model employed here is WRFARW model (ver-
sion 3.1). It is triple-nested with two-way interactions. The
model has 28 levels in the vertical direction and mesh sizes
of 241×241 grid points in all of the three domains, with hor-
izontal grid spacing of 27 km, 9 km and 3 km, respectively.
The model physics parameter settings in the control experi-
ment (CTL) are identical to those in Ge et al. (2014). Specif-
ically, a weak axisymmetric cyclonic vortex is embedded on
an f -plane (center at 15◦N) in a quiescent environment. This
embryo has a maximum surface wind speed (i.e., 15 m s−1),
and the radius of maximum wind is initially located at 125
km. It is embedded in a water plane with a constant SST of
29◦C. Once the 3D dynamic fields and environmental sound-
ing profile (Jordan, 1958) are given, the mass and thermody-
namic fields can be obtained by solving the nonlinear balance
equation.

Three sensitivity experiments (see Table 1) are conducted
to investigate the impacts of the diurnal cycle of solar radi-
ation on the behavior of spiral rainbands. The strategies of
the nighttime-only (NIGHT) and daytime-only only (DAY)
experiments are identical to those in Ge et al. (2014). Specifi-
cally, in NIGHT, the local time is fixed at midnight, by which
the shortwave radiation is excluded totally. On the contrary,
the model local time is set to be noon during the whole in-
tegration in DAY. This specification allows a constant short-
wave radiation extreme. The longwave radiation scheme is
the rapid radiative transfer model (Mlawer et al., 1997). The
shortwave radiation scheme is from Dudhia (1989). In the
fourth experiment (NOEVP), the model configuration is the
same as that in CTL, except that the evaporative cooling from

Table 1.Description of the experiments.

Experiment Description

CTL Control run with a full solar radiation diurnal cycle
NOEVP As in CTL, but without evaporation from raindrops
NIGHT As in CTL, but with the local time fixed at midnight
DAY As in CTL, but with the local time fixed at noon

raindrops is excluded, which follows the method of Sawada
and Iwasaki (2010). This experiment attempts to examine the
key role of the evaporative effect in the cold pool dynamics.
All the experiments are integrated for a 9-day period.

3. Simulated results

To compare the evolution characteristics of spiral rain-
bands, Fig. 1 first displays time–radius cross sections of az-
imuthally averaged radar reflectivity at the height ofz = 0.5
km in all experiments. In CTL, while the simulated vortex
is spun up, active spiral rainbands begin to form. During the
simulation, four active episodes of spiral rainbands exist, in-
dicating clear diurnal pulses in the cloud field. For instance,
at T = 36 h the active convection occurs around a radius of
60 km from the TC center. Over time, this spiral rainband
propagates radially outward up to about 200 km with a speed
of nearly 6 m s−1. Here, the spiral rainbands are classified
as outer rainbands, since they form beyond the range of 2–3
times the radius of maximum wind. A22–26-h quasi-periodic
outward-propagating feature of rainbands outsides the eye-
wall has been previously revealed by Li and Wang (2012).

A similar evolution feature can also be found in NIGHT,
again indicating the presence of cyclical convective pulses
in the outer rainbands. In contrast, no cyclical spiral rain-
bands emanate in both NOEVP and DAY. For instance, in
NOEVP, a rainband initially develops just outsides the eye-
wall at T = 24− 48 h. Thereafter, it moves radially away
from the center and eventually dissipates. Interestingly,the
spiral rainband does not occur periodically during the mature
stage of the TC. The absence of active outer spiral rainbands
under these conditions indicates that evaporation is critical to
the maintenance of outer rainbands, which agrees well with
the findings of Sawada and Iwasaki (2010). In DAY, the evo-
lution features are akin to NOEVP. Namely, no periodic outer
convective system occurs during the mature stage. In the
current study, the mature stage represents the period during
which the TC reaches the intensity of a strong TC and has
well-organized structures.

To further illustrate the diurnal variation of outer rain-
bands activities, the temporal evolution of the horizontalpat-
tern of simulated dBZ within a 24-h cycle (fromT = 60 h to
84 h) of spiral rainbands is presented in Fig. 2. For simplicity,
T = 60 h is taken as the reference time “0 h”, and thusT = 84
h represents “24 h”. In CTL, the radial distribution of deep
convection fluctuates significantly with time. The outer spiral
rainbands initially form near the radius of 60 km, and inten-
sify as they propagate radially outward (i.e., local time 0–6
h). Later, convection in the outer spiral rainbands gradually
weakens (i.e., local time 6–18 h). Thereafter, the outer spiral
rainbands re-initialize and outwardly propagate. Basically,
the spiral rainbands prevail at local nighttime. In NIGHT, the
activities of the spiral rainbands are very similar to thosein
CTL, but they have a wider horizontal coverage. In NOEVP,
the convection is isolated and can barely organize into spiral
shapes. It is also the case that no major outer spiral rainbands
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Fig. 1.Time–radius cross section of azimuthally averaged radar reflectivity (units: dBZ) at the height of 0.5 km in (a) CTL, (b)
NOEVP, (c) NIGHT and (d) DAY.

develop in DAY.
The above comparisons illustrate salient differences in the

behavior of spiral rainbands in TCs. When shortwave so-
lar radiation is excluded (i.e., in NIGHT), the activities of
spiral rainbands show a quasi-periodic outward-propagating
feature. On the contrary, when shortwave solar radiation is
strongest (i.e., in DAY), spiral rainbands are considerably
suppressed and thus no obvious radially outward propagation
is identified. Therefore, the diurnal cycle of solar radiation
has significant impacts on the behavior of spiral rainbands in
TCs. Hence, some questions should be addressed in order to
reveal the impacts of solar radiation on the development of
TC rainbands.

4. Possible mechanisms

Numerous studies have focused on the formation mecha-
nism of rainbands (Yamasaki, 1983, 1986; Guinn and Schu-
bert, 1993; Sawada and Iwasaki, 2010; Li and Wang, 2012;
Moon and Nolan, 2015). As a result, it is widely recog-
nized that surface cold pools induced by evaporative cooling
from raindrops play a key role in the propagation of spiral
rainbands, since they trigger the convection cells along the
edges of cold pools. Li and Wang (2012) related the quasi-
periodic behavior of outer rainbands to CAPE consumption
and convective downdraft cooling. Generally, the evapora-
tive cooling–driven downdrafts bring cold and dry air form
the middle troposphere to the PBL, which forms surface cold
pools beneath a precipitation cloud. To this end, we attempt

to examine the cold pool characteristics in the four experi-
ments.

Figure 3 displays the horizontal distribution of 0.5-km-
height equivalent potential temperature (θe) at a specific time
(i.e., T = 63 h) over a domain that mainly covers the outer
convection. In this study, the asymmetric component ofθe

is first calculated. The negative values ofθe likely reflect
the intensity of the cold pools. Meanwhile, the asymmet-
ric component of the wind field and the associated horizontal
divergence field are obtained. These fields help illustrate the
spatial relationship between the thermodynamic and dynamic
variables within the cold pools. The simulations indicate that
the downdrafts induced by evaporative cooling result in the
formation of a cold pool near the surface. Once the down-
drafts reach the PBL and spread outward, a convergent region
at the front of the cold pool forms that triggers convection
and the outer spiral rainbands. Meanwhile, wind anomalies
advance at the front of the cold pool in the normal direction
to cross-band propagation. This acts as a lifting mechanism
to force the next convective cells therein. In this regard, new
convective cells are successively generated at the front edge
of a cold pool to form the outward-propagating rainbands.

To reveal the vertical structure of the cold pools, we se-
lect one particular snapshot from CTL. Figure 4 shows the
vertical–radius cross section of the cold pools shown in Fig.
3a. It is apparent that there are alternate negative/positive po-
tential temperature values along the line. That is, just below
the melting level, there is diabatic cooling coincident with the
downdrafts, while heating is collocated with the updrafts at
the outer edge of the cold pools. The height of precipitation-
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Fig. 2.Temporal evolution of simulated radar reflectivity (color-shaded; units: dBZ) at the height of 0.5 km in (a) CTL,
(b) NOEVP, (c) NIGHT, and (d) DAY. The red boxes illustrate the locations of the domains in Fig. 3. Here, the starting
“0 h” represents model hour 60, and thus “24 h” is the simulation time of 84 h.
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Fig. 3. Horizontal distribution of 0.5-km-height equivalent potential temperature (units: K) atT = 63 h in (a) CTL, (b)
NOEVP, (c) NIGHT and (d) DAY, over a domain covering the outerrainbands. The color-shaded areas depict the cold
pools. Contours show the horizontal divergence (units: 1×10−5 s−1). Dashed lines are negative values. Vectors present
the asymmetric wind component. Dots denote radar reflectivity greater than 20 dBZ.

Fig. 4. Vertical–radius cross section of the cold pool along line AB(cross band) in Fig. 3a atT = 63 h: (a) diabatic
heating (color-shaded; units: K h−1) and (b) vertical motion (contours; units: m s−1) and equivalent potential tempera-
ture (color-shaded; units: K) departure from the azimuthally averaged temperature. The thick dashed line in each panel
depicts the melting layer.
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driven cooling is around the melting level, which is lower
than the diabatic heating associated with the deep convec-
tion. The temporal evolution of the intensity of the cold pool
moves in line with the temporal evolution of the rain rate. In
other words, the production of stronger and deeper convec-
tion is associated with bigger cold pools. Böing et al. (2012)
showed that higher precipitation rates are closely associated
with cold pools, since the presence of cold pools promotes
deeper and more buoyant clouds. In other words, a posi-
tive feedback process appears in that, in an atmosphere in
which cloud and rain formation is facilitated, stronger down-
drafts will form. These stronger downdrafts lead to a stronger
modification of the moisture field, which in turn favors fur-
ther cloud development. The strong precipitation likely leads
to a wider cold pool. The interplay of moisture aggregation
and lifting eventually promotes the formation of wider clouds
that are less affected by entrainment and become deeper. In
the present study, cold pools prevail in outer rainbands, and
mainly result from embedded deep convective cells. The
outer rainbands are more active in CTL and NIGHT, thus pro-
ducing more and stronger cold pools.

Figure 5 displays the kinetic structure of an outer spiral
rainband of interest. At this particular time, the rainbandwas
oriented roughly parallel to the TC center. Here, the propa-
gating direction and speed of the selected entity is estimated
to be 320◦ and 7.6 m s−1, respectively. Since the cross section
is obtained roughly perpendicular to the spiral band, its radial
flow is likely taken as the cross-band component. Thereafter,
the band-relative flow is obtained by subtracting the cross-
band component at the radius of the spiral band. Interestingly,
band-relative rear-to-front flow exists at low levels. The typi-
cal depth of this flow is about 1–3 km. The deep band-relative
inflow extending from the surface to the upper troposphere is
generally present ahead of the rainbands. The inflow appears

to be lifted upward at and immediately ahead of the leading
edge of the low-level rear-to-front flow to form a rearward
tilt of updrafts. This pattern bears many similarities to that
reported by Yu and Tsai (2013), in which a low-level rear-to-
front flow encountering the inflow was observed.

In order to demonstrate the daily variation of cold pools,
Fig. 6 shows the temporal evolution of the negativeθe

anomaly at heightz = 0.5 km, which is averaged within in
a ring between a radius of 80 km and 240 km from the storm
center. It is worthwhile mentioning that the anomalies are
obtained by extracting the averaged value of the inner do-
main. As expected, the cold pool intensity shows a clear di-
urnal cycle in CTL and NIGHT, whereas there is no obvious
cyclic period in DAY and NOEVP. Ge et al. (2014) found
that TC convection is significant during nighttime, since ra-
diation may modulate the static stability of the atmosphere.
Of particular interest is that clear diurnal variation exists in
spiral rainbands in NIGHT, even though the diurnal cycle of
solar radiation is excluded. It has been hypothesized that
the periodic outward-propagating feature of rainbands out-
side the eyewall is related to the internal dynamic nature (Li
and Wang, 2012). In their model, TCM4, a simple Newtonian
damping term was used to reflect the longwave radiation only.
Nevertheless, a 22–26 h quasi-periodic outward-propagating
feature of rainbands was also observed. Naturally, the ques-
tion arises here as to why there is no diurnal variation of spiral
rainbands in DAY, in which the shortwave solar radiation is
set to an extreme.

Figure 7 depicts the simulated accumulated rainfall
amount in all the experiments duringT = 60 h to 84 h. It
is evident that there are salient differences in the precipita-
tion amount. Namely, the precipitation amount is largest in
NIGHT, and weakest in DAY. Generally, tropical oceanic pre-
cipitation is largely suppressed during daytime (Webster and

Fig. 5. Vertical section of kinetic structure across the studied outer rainband shown as
line AB in Fig. 3a. The large arrows indicate salient airflow features (band-relative),
and the color-shading denotes the radar reflectivity structure.
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Fig. 6. Temporal evolution of 0.5-km-height equivalent poten-
tial temperature (units: K) anomaly averaged between 80 km
and 240 km from the storm center in (a) CTL, (b) NOEVP, (c)
NIGHT and (d) DAY.

Stephens, 1980; Tao et al., 1996). Moreover, the larger rain-
fall coverage in CTL and NIGHT implies the presence of
active outer spiral rainbands therein. Physically, the evap-
oration of raindrops together with the melting of snow and
graupel cause the downdrafts. Given that the weakest precip-
itation amount is in DAY, it is reasonable that the evaporative
cooling is also weakest in that experiment (Fig. 3). Sawada
and Iwasaki (2010) pointed out that cold pools are the key
process in the formation of rainbands. The counterclockwise
and radially outward direction of propagations are closelyas-
sociated with cold pools. In NOEVP, by turning off the effect
of evaporation, no periodic spiral rainband appears. Recall
that outer spiral rainbands initially form but are short-lived in
DAY and NOEVP (Fig. 1). In this regard, the cold pool dy-
namics is likely not essential for the formation of outer spiral
rainbands, which agrees with the results of Li et al. (2015).
Nevertheless, the absence of active outer spiral rainbandsin-
dicates that evaporative cooling is indeed critical to the main-

tenance of outer spiral rainbands.
According to Rotunno et al. (1988), the intensity (Ci) of

cold pools can be measured by

Ci =

√

2
∫ Hcp

0
(−B)dz ,

whereB is the buoyancy, andHcp is obtained by first calcu-
lating the buoyancy field and then searching for the height
where its sign changes from negative to positive above the
cold pool region. As seen from the values in each panel of
Fig. 3, the cold pool intensity in NIGHT (9.96) is largest,
whereas it is weakest in DAY (4.03). This is consistent with
the simulated precipitation amounts, and represents a posi-
tive feedback mechanism in that greater precipitation willfa-
vor stronger downdrafts and thus more intense cold pools.
Schlemmer and Hohenegger (2014) also found the formation
of wider and deeper clouds is closely related to cold pool
dynamics. That is, stronger precipitation-driven cold pools
aid the development of wider and deeper clouds. It is ob-
served that an accumulation of moisture in moist patches oc-
curs around cold pools, which provides a favorable environ-
ment for new convection. In turn, strong surface wind asso-
ciated with enhanced convection will result in an increase in
surface latent heat fluxes, which is favorable for more signif-
icant moist patches.

Figure 8 compares the horizontal distribution of moisture
anomalies in all experiments. It is apparent that the moist
patches are generally located at the front of the cold pools,
and the intensity and size of moist patches are much larger in
NIGHT and CTL. This strong linkage between the rain rate
and moist patches provides further confidence that the for-
mation of new convection can be ascribed to the cold pool
activity. This is because, in order to develop new convec-
tion, there needs to be sufficient moisture available. The in-
terplay of moisture aggregation and lifting mutually promotes
the growth of wider and deeper clouds.

To further determine the role of cold pools, the Sawyer–
Eliassen (SE) equation is applied. Detail regarding the SE

Fig. 7. The simulated accumulated rainfall amount (units: mm) in (a) CTL, (b) NOEVP, (c) NIGHT and (d) DAY, from 60 h to 84 h.
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Fig. 8.Horizontal distribution of 0.5-km-height moisture anomalies (units: g kg−1) atT = 63 h in (a) CTL, (b) NOEVP,
(c) NIGHT and (d) DAY over a domain covering the outer rainbands. The color-shaded areas depict the cold pools.
Contours show moist patches.

equation in the radius–pseudoheightcoordinates can be found
in Hendricks et al. (2004). Briefly, the SE equation in the
radius–pseudoheight coordinates can be written as

∂

∂r

(

A
r
∂ψ

∂r
+

B
r
∂ψ

∂z

)

+
∂

∂z

(

C
r
∂ψ

∂z
+

B
r
∂ψ

∂r

)

= −
∂(ξF)
∂z
+
∂Q
∂r

,

(1)
where the parameters are:A = N2 = (g/θ0)(∂θ/∂z), static sta-
bility; B=−ξ(∂Vt/∂z), barocilinicity; andC = ξη, inertial sta-
bility; ψ, transverse streamfunction;ξ = f +2v/r, vortex in-
ertia parameter,F, momentum forcing;Q, heating forcing.
Other symbols are traditional for the variables they repre-
sent; again, see Hendricks et al. (2004) for more information.
On the right-hand side of Eq. (1), there is momentum(F) and
heating forcing(Q), respectively. In the current study, the az-
imuthally mean diabatic cooling (Q) is only taken into con-
sideration, which derives directly from the model outputs.
Figure 9 displays the radius–height cross section of the az-
imuthally averaged diabatic cooling and its forced secondary
circulations. From the symmetric component, it is evident
that the radial extension and intensity of cooling are much

more pronounced in NIGHT and CTL, and weakest in NO-
EVP because of the artificial exclusion of the evaporative ef-
fect. In DAY, cold pools still occur, but the radial coverage
is much smaller. The diabatic cooling will force downdrafts
within the cold pools. Once the downdrafts reach the surface,
they then turn into divergent outflows, which act as the lifting
mechanism for triggering new convection. Note that remark-
able differences exist among the forced radial circulations in
the four experiments. Unsurprisingly, the larger and wider
cold pools lead to stronger secondary circulation. The above
results reasonably account for the different evolution features
in all the experiments.

Li and Wang (2012) suggested that the quasi-periodic
occurrence of outer spiral rainbands is associated with the
boundary layer recovery from the effect of convective down-
drafts and the consumption of CAPE by convection in the
previous outer spiral rainbands. To examine this possibility,
Fig. 10 displays the time–radius cross sections of azimuthally
averaged CAPE at the lowest level in all the experiments.
Notice that, in CTL and NIGHT, the CAPE exhibits a sim-
ilar outward propagation and subsequent boundary layer re-
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Fig. 9. Radius–height cross section of the azimuthally averaged diabatic heating (color-shaded; units: K h−1) and di-
abatic cooling forced radial circulations (vectors) atT = 63 h in (a) CTL, (b) NOEVP, (c) NIGHT, and (d) DAY. The
thick dashed line in each panel depicts the melting layer.

Fig. 10. Time–radius cross section of azimuthally averaged CAPE (units: J kg−1) at the height of 0.5 km in (a) CTL, (b)
NOEVP, (c) NIGHT and (d) DAY.
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covery, leading to a quasi-periodic occurrence of outer spiral
rainbands, which bear many similarities to those in Li and
Wang (2012). That is, once convection is triggered and or-
ganized in the form of outer spiral rainbands, it will produce
strong downdrafts and consume CAPE. As the rainband prop-
agates farther outward, the boundary layer airflow near the
original location will recover by extracting energy from the
underlying ocean. In contrast, in DAY and NOEVP, there
consistently exists significant CAPE. This implies that thebe-
havior of outer rainbands cannot be primarily attributed tothe
conditional instability. The result further supports the notion
that cold pools act as a lifting mechanism to trigger convec-
tion.

5. Summary and discussion

In this study, the impacts of the diurnal cycle of solar ra-
diation on TC spiral rainbands are examined through the use
of idealized numerical simulations. The model successfully
simulates the formation and outward-propagation of active
spiral rainbands. It is found that cold pools associated with
precipitation-driven downdrafts are essential for the forma-
tion and propagation of spiral rainbands, which is consistent
with the widely-held consensus. The downdrafts result in sur-
face outflows, which act as a lifting mechanism to trigger the
convection cell advanced cold pool front. During daytime,
solar radiation may modulate the diurnal behavior of TC spi-
ral rainbands. That is, daytime shortwave radiation will sup-
press convection and thus weaken precipitation. As a re-
sult, cold pools become insignificant since the precipitation-
driven downdrafts are inhibited. Meanwhile, moist patches
are weaker in the vicinity of cold pools, which is also unfa-
vorable for the development of new convection.

Admittedly, this is highly idealized numerical study, since
environmental flows are not considered. In reality, environ-
mental flows such as vertical shear will affect cold pool dy-
namics and TC structure. Also, it is known that TC spiral
rainbands can be classified into different types from differ-
ent viewpoints, and these different types of spiral rainbands
have different dynamic and thermodynamic characteristics.
Therefore, more complicated environmental flows should be
included in future work.

Acknowledgements. This work was jointly sponsored by the
National Science Foundation of China (Grant No. 41575056),the
Key Basic Research Program of China (Grant No. 2015CB452803),
the State Key Laboratory of Severe Weather, Chinese Academy
of Meteorological Sciences (Grant No. 2014LASW-B08), a “Six
Peaks of High-Level Talents” funded project, and the Key Uni-
versity Science Research Project of Jiangsu Province (Grant No.
14KJA170005).

REFERENCES

Barnes, G. M., E. J. Zipser, D. P. Jorgensen, and F. D. Marks Jr.,
1983: Mesoscale and convective structure of a hurricane rain-

band.J. Atmos. Sci., 40, 2125–2137.
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