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ABSTRACT

The evolution of spiral-band-like structures triggered by asymmetric heating in three tropical-cyclone-like vortices of
different intensities is examined using the Three-Dimensional Vortex Perturbation Analyzer and Simulator (3DVPAS) model.
To simulate the spiral bands, asymmetric thermal perturbations are imposed on the radius of maximum wind (RMW) of
vortices, which can be considered as the location near the eyewall of real tropical cyclones (TCs).

All the three vortices experience a hydrostatic adjustment after the introduction of thermal asymmetries. It takes more
time for weaker and stable vortices to finish such a process. The spiral-band-like structures, especially those distant from
the vortex centers, form and evolve accompanying this process. In the quasi-balance state, the spiral bands are gradually
concentrated to the inner core, the wave behavior of which resembles the features of classic vortex Rossby (VR) waves.

The unstable vortices regain nonhydrostatic features after the quasi-balance stage. The spiral bands further from the
vortex center, similar to distant spiral bands in real TCs, form and maintain more easily in the moderate basic-state vortex,
satisfying the conditions of barotropic instability. The widest radial extent and longest-lived distant bands always exist in
weak and stable vortices.

This study represents an attempt to determine the role of TC intensity and stability in the formation and evolution of spiral
bands via hydrostatic balance adjustment, and provides some valuable insights into the formation of distant spiral rainbands.
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1. Introduction (Nolan and Montgomery, 2000).

As suggested by infrared imagery and radar reflectivitr}/ Spiral rainbands are among the most important asymmet-

. ) - componentsin TCs. According to their characteristics and
images, many tropical cyclones (TCs) exhibit some Struc:tuﬁca}cation they can always be classified into inner and outer
asymmetries. In addition to the storm size, structural for .

casting is further complicated by such asymmetries. If a T%\nds (_Gumn and Schubert, 1993; Wang, 2009). ‘The inner
. : . : bands lie close to the vortex center and the outer bands are
is described as the sum of a large axisymmetric compon

nt.
and a more varying asymmetric component (Shapiro, 19 gpmally located more_than 500 km away from the vortex
c%nter and can be quite long and narrow. The inner rain-

Pendergrass and Willoughby, 2009), its overall structure a . .
: . . ands are characterized by convectively coupled VR waves
intensity evolution may change as a result of the compli- ;

. . : : nd the movement of the outer rainbands follows the low-
cated interactions between the axisymmetric and asymmefric

components. The rapid decaying of higher-wavenumber dlg\-/e' winds associated with the azimuthally-averaged low-

. - evel flow and the radially-outward cross-band flow caused
turbances in the vicinity of the vortex core helps explai

the robustness of storms (Carr and Williams, 1989; Smiﬁ¥ the downdraft-induced cold pool in the boundary layer (L

. d Wang, 2012).

and Montgomery, 1995). The decaying vortex Rossby (V ’ o . : .
waves arg foun?j/ o co?mnuously aymrﬂify the growin}gl; (d|s|3? Houze (2010) divided rainbands into three basic types:

’ . . _.distant, principle, and secondary rainbands. Distant rain-
crete mode through the production of perturbation vortici : ; . .
via their interaction with the basic-state vorticity gradien ands are bands of convective clouds occurring entirely in the
outer reaches of the storm. A principle rainband is a quasi-
stationary feature that spirals inward from the outer reaches
* Corresponding author: JIANG Yonggiang of the cyclone until it becomes roughly tangent to the eyewall

Email: jyq012@sina.com (Willoughby, 1988). Secondary rainbands are located in the
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inner core of the storm and have mesoscale kinematic cheary harmonically in the azimuthal direction. Further details
acteristics consistent with VR waves (e.g., Montgomery amd 3DVPAS can be found in Nolan and Montgomery (2002,
Kallenbach, 1997). hereafter NM02), Nolan and Grasso (2003), and Nolan et al.

Spiral rainbands are often used to diagnose the curré2®07). The domain size of all simulations in this study is 300
intensity and to forecast the future evolution of TCs (Atlas &m in the radial direction, covering 121 grids, and 20 km (31
al., 1963; Dvorak, 1975). This is because they are not origvels) in the vertical direction. The grid stretching methodol-
distinct features of a TC, but also may modulate the TC strungy is used to make the grid size a small but almost constant
ture and intensity through one or more physical procesgepproximately 1.2 km) interior to the RMW, which we shall
(Cione et al., 2000; Chen and Yau, 2001; Kimball, 2008efer to as the inner core region, and large in the outer region.
Franklin et al., 2006; Wang and Xu, 2010; Xu and Wang,he largest grid size is about 4.4 km.

20104, 2010b). The effects of spiral rainbands on the hurri-

cane wind field are caused by the direct response to diabatic ) ) )

heating in their convection; and the response of the hurricaBe Basic-state vortices and asymmetric pertur-

wind field to the rainband heating is, in the linear limit, the  bations

sum of the asymmetric potential vorticity (PV) and symmet- . )

ric transverse circulations (Moon and Nolan, 2010). Coolingl: Basic-statevortices

in the outer spiral rainbands maintains both the intensity of The tangential wind fields of TCs, also called the basic-

a TC and the compactness of its inner core, whereas heaéte vortices, are often represented by idealized profiles,
ing in the outer spiral rainbands decreases the intensity llich are frequently considered as in gradient wind and hy-
increases the size of a TC (Wang, 2009). drostatic balance (Willoughby et al., 2006). In this study, we

The growth of disturbances associated with instability @onstruct three idealized TC-like vortices of varying inten-
the symmetric hurricane vortex is a cause for polygonal eysities by smoothly connecting piecewise constant vorticity
walls and the formation of mesovortices within or near therofiles with cubic Hermite polynomials as in Eq. (3.1) in
hurricane eye region (Schubert et al., 1999). Spiral rainbar\ii102, which are named as the Category 3 (C3), Category 1
can be triggered by the interaction between thermal pert¢G1) and Tropical Storm (TS) vortex, respectively. The sur-
bation and basic flow (Zhang et al., 2010). Under the inflfiace profiles of vorticity and velocity for the three basic-state
ence of asymmetric thermal forcing similar to cumulus cowortices are shown in Fig. 1 in NM02. The C3 vortex has
vection heating, the triggered gravity wave pulses result inaximum wind speed of 54.2 nt'§ at the RMW of 34.5
new PV, which spreads toward the vortex core and then ac&m, and maximum vorticity of B x 102 s~1 at the radius
mulates near the vortex core within the radius of maximuaf maximum vorticity (hereafter RMV) of 26.0 km. The C1
winds (RMW). The PV anomalies may be considered as thertex has maximum wind speed of 36.0 m' st the RMW
sources of spiral bands. However, the effects of symmett£42.5 km, and maximum vorticity of.8x 1073 s* at the
basic vortices, especially their intensity and stability, on ttRMV of 28.0 km. The TS vortex has maximum wind speed
evolution of asymmetric spiral bands are still unresolved. of 21.5 m s1 at the RMW of 49.0 km, and maximum vortic-

In this paper, a three-dimensional, nonhydrostatic, lifty of 1.5 x 102 s~ at the vortex center. In order to study
ear numerical model of vortex dynamics is used to examia# three vortices in the same computational domain, the TS
the role of TC intensity and instability on the evolution ofortex may be smaller than the real ones. More detailed de-
spiral bands. Section 2 provides a brief introduction to thgriptions about the three vortices are shown in NM02.
model. Section 3 describes three TC-like vortices of differ- The C3 vortex is the strongest one and the TS vortex is the
ent intensities and the asymmetric thermal perturbations\ieakest. Moreover, their stabilities are different. Both the C3
be imposed. Section 4 analyzes the relationship between #inel C1 vortices are unstable to low azimuthal-wavenumber
hydrostatic balance adjustment and the evolution of spirgh) perturbations. The C3 vortex is most unstablerfet 3,
band-like structures and compares the evolution of asymmaith an e-folding time of about 1.34 h. For the C1 vortex,
ric perturbations in the basic-state vortices of different intethe most unstable mode occurs for= 2, with ane-folding
sities. A summary and discussion are provided in section Sime of approximately 5.51 h (NM02). The growth rate of the

C3 vortex is much larger than the C1 vortex. The weakest TS
. vortex was found to be stable for all azimuthal-wavenumbers.
2. Numerical model More dynamical instability analysis can be found in Zhang et

To simulate the evolution of asymmetric perturbations dil- (2010).
TC-like vortices, the Three-Dimensional Vortex Perturbatiogl
Analysis and Simulation (3DVPAS) model is used in this pa-
per, which is based on the vortex-anelastic equations in cylin- Localized bursts of convection, frequently observed in the
drical coordinates on thé-plane (Hodyss and Nolan, 2007)inner core of developing TCs, constitute the dominant energy
It allows for the simulation and analysis of perturbations agpurce for TCs (NM02), which may be the energy source for
axisymmetric, balanced vortices. The perturbations can hdte formation of spiral rainbands in real TCs (Chen et al.,
arbitrary structures in the radial and vertical directions, b@10). In order to represent the immediate effect of a burst of

2. Asymmetric thermal perturbations
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Fig. 1. Horizontal and vertical cross sections of init@l(units: K) and PV (units: mK s~ kg=?1)
perturbations in the C3 vortex: (a) horizontal cross sectiof;ofb) vertical cross section d; (c)
horizontal cross section of PV; and (d) vertical cross section of PV.

convectionin a TC, a pure and unbalanced thermal perturlidermal perturbation defined in Eq. (1) accounts for the ti-
tion is imposed on the basic-state field as initial conditions tled meridional structure of the initial PV anomalies shown
the 3DVPAS model. The thermal perturbation, i.e. a thermial Figs. 1c and d. The values of PV are approximately posi-
bubble is defined in a similar way to NM02, i.e., tive (negative) below (above) 5 km (NM02).
Similar perturbations were superposed by NM02 tothe TS
r—m\° [(z—2z)\? and C1 vortex to compare their asymmetric adjustment pro-
) N ( o, ) » (1) cesses. The inner-core structure and dynamics were mainly
discussed in their paper. We focus mainly on the asymmetric
wherer is the radius from the vortex centeris the altitude Perturbations related to the spiral-band-like structures, and
from the surface, antlis the time; 6 is the potential tem- thus their evolution in the whole simulation domain is dis-
perature;fp = 1.0 K is the amplitude of maximum potentialcussed in the following section.
temperature ) anomaly;r, andz, are the radial and alti-
tude location of the thermal bubble centar—= 20 km is the )
radial half-width ancb; = 2 km is the vertical half-width of 4 Resultsand analysis
the thermal bubble, wherein subscript b is the abbreviati
of bubble, subscript andz denote radial and vertical half-
width of the bubble, respectively. In this study,= 5 km, In order to compare the spiral band behaviors during the
rb = Rmax, WhereRmax is the RMW for each of the three vor-hydrostatic balance adjustments in different symmetric vor-
tices (NM02). Based on the instability analysis, we considgces, we investigate the features of the adjustment processes
the perturbations fan = 3 for the C3 vortexn = 2 for the C1 within them. At the beginning, the basic vortices satisfy hy-
vortex, andch = 2 for the TS vortex in this study. drostatic balance, but such balance might be broken by the
The horizontal and vertical cross section of initthlim- change of potential temperature via the buoyancy term ac-
posed on the C3 vortex at= 2.33 km is shown in Figs. cording to the vertical momentum equation, which is con-
la and b. Supposing there is initially no motion, the initidlrmed by comparing the full pressure field to the hydrostatic

6n(r,zt =0) = Boexp [— (

r

M. Hydrostatic balance adjustment
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pressure field as proposed by NM02. The hydrostatic pres- The 3DVPAS model satisfies the anelastic incompressil-
sure fields are derived from the potential temperature by ity condition (NM02), so acoustic waves are filtered. Grav-

tegrating ity waves might play an important role in dispersing the im-
opn _ ﬁg% ) balance resulting from thermal perturbations and return the
oz "8’ vortices to a quasi-balanced state (Ye and Li, 1965). Accord-

wherep = p(r,2) is the anelastic density field, which doedd: the convection and the ensuing adjustment processes
not change with timeg is the gravity acceleration, and thed®nerate ubiquitous gravity waves in real TCs (Moon and
expression fopy is presented in Appendix A by NMO02. TheNolan, 2010)._ The superposed perturbatlons are transient, so
nonhydrostatic feature can be evaluated by the root-meXf} Nydrostatic balance state will be affected by the nonlin-
square difference (RMSD) between the full and hydrostaﬁ@r advection and friction. An arbitrary small perturbation

pressure field, volume-weighted over the domain, as a fufe&y grow substantially as a result of the instability of basic-
tion of time. state vortices, which will in turn enhance the nonlinear effects

Figure 2 illustrates the evolution of RMSD between thand the departures from the hydrostatic balance state. There-
full and hydrostatic pressure fields for the three vortices. THY®: the unstable vortices restore nonhydrostatic features in

evolution of unstable vortices, such as the C3 and C1 vortict€ third step of the evolution, much faster for stronger vor-
can be divided into three basic steps. Initially, the RMSDs at&eS (Figs. 2a and c). The perturbations in a stable vortex
very large and then decrease abruptly, which correspond€Tight b neutral or decaying, so nonlinear advection in such
the adjustment processes that were attributable to the inffo!Ortex will not increase with time. The RSMD for the TS
duction of unbalanced thermal perturbations. The RMSD &artex decreases contmually aft(_ar the initial aQJustment, tak-
the C3 vortex is very large before 0.5 hours (Fig. 2b), arlgd @bout 6 hours as shown in Fig. 2d. Then, it tends toward
then decreases to a relatively steady minimum value aftef&{© aftert = 14 h in the simulation, ultimately confirming
little more than an hour. It takes about 10 hours for the ¢7€ hydrostatic feature.

vortex to finish this process (Fig. 2c). The RMSDs of the twg2
vortices remain relatively steady in the second step, which™
corresponds to a quasi-hydrostatic state. However, such aShortly after the introduction of thermal perturbations,
quasi-balanced feature cannot be sustained, and the RM$SBgondary cells appear arranged in bands around the center
ultimately increase abruptly and reach a value in the order@fthe C3 vortex, in addition to compact regions of verti-
the initial extreme value at approximately= 3 h for the C3 cal air movement surrounding its RMW, where the thermal

Evolution of asymmetric perturbations

vortex, and 30 h for the C1 vortex. perturbations are imposed (Fig. 3a). These bands spiral into
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Fig. 2. Evolution of RMSDs (units: hPa) between the full and hydrostatic pressure fields in three vortices
as a function of time.
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Fig. 3. Horizontal cross section of the vertical velocity anomalies-at2.33 km (units: m s1) at (a)
t=0.15h, (c)t = 0.6 h, and (e} = 2.0 h, and vertical section of the vertical velocity anomalies at (b)
t=0.15h, (d)t = 0.6 h, and (it = 2.0 h in the C3 vortex.

the center of the vortex. The air ascends and descendspéd VR-VR wave barotropic instability, as shown in Fig. 1a
ternately along the radial direction and the vertical velocityy Hodyss and Nolan (2008), who provided a comprehensive
fields show nonzero-wavenumber properties in the verticamparison between Rosshy-inertial-buoyancy (RIB) waves
direction at the radius near the RMW (Fig. 3b). The behaand traditional coupled VR-VR wave barotropic instability.
ior of the perturbations is in direct contrast to NM02, whén this paper, the behavior of VR waves undergoing inertial-
showed that the most unstable mode in the C3 vortex is mdzeyancy (IB) wave emission on vortices with baroclinic ver-
up of two concentric sets of perturbations that lie on eithécal structures is studied using a radially modified form of
side of the RMV (also where the vorticity gradient changemelastic momentum equations in cylindrical coordinates, as
sign). They interpreted such a mode as a discrete VR waireHodyss and Nolan (2007) and NMO02. In our simulations,
The sign change in the radial gradient of the C3 vortex sattte introduction of thermal perturbations also makes the wave
fies the necessary conditions for barotropic instability, so tipeoperty different from the traditional VR waves.

unstable mode represents the properties of traditional cou- Accompanying the adjustment processes, the vertical
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velocity field exhibits obvious spiral-band-like structure af2008).

around the 100-km radial extent, and there are several ver- The outer perturbations gradually weaken at the quasi-
tical movement centers within the spiral band, with the mosalanced stage, and the maximum vertical movement dis-
intense upward movement appearing close to the RMW (Ftgbutes withinr = 34.5 km, namely within the MRV, which
3c). The perturbation structure has been divided into innierreal TCs is closely associated with an annulus of intense
and outer parts by the RMW of C3. The inner part caprecipitation known as the eyewall, with an almost zero ver-
be identified as a VR wave, and it peaks near the MRV &tal wavenumber (Figs. 3e and f). The wave properties of
C3. In the outer region, the perturbation is a spiral wayeerturbations are gradually dominated by the traditional cou-
that propagates away from the vortex, which can be idenpled VR—VR wave barotropic instability. The anticlockwise
fied as an IB wave. The behavior of the IB wave is verifiednd outward propagation fails to be maintained for 6 hours
by the nonzero-vertical-wavenumber features of vertical vfrigs. 4a and b). The PV anomalies experience an unex-
locity evident outside of the RMW of the basic-state vortepected increase aftér= 11 h near the MRV, where the VR
(Fig. 3d). As a whole, the perturbations resemble the properaves are phase-locked so as to amplify each other (NM02).
ties of RIB waves, as shown in Fig. 4b by Hodyss and Nolan Both the C1 and C3 vortex are unstable, and they are
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Fig. 4. Left column: azimuth—time Hovmoller diagram of PV anomalies (units: PVU) along the
RMW for the (a) C3 vortex, (c) C1 vortex, and (e) TS vortex. Right column: radius—time Hov-
moller diagram of PV anomalies for the (b) C3 vortex, (d) C1 vortex, and (f) TS vortex.
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mainly different in intensity. Therefore, the perturbationdifficult for C1 to maintain a quasi-balance stage, so the RIB
to C1 experience similar evolution processes to those to @8operty is retained for relatively longer than in C3. Accord-
However, their structures are evidently different. The behawgly, the spiral bands with wider radial extent can last for
ior of waves in the C1 vortex resembles the structure of a clamuch more time (Fig. 5e). The transition of wave properties
sic RIB mode immediately after the introduction of thermas also shown by the horizontal distribution@®perturbations
perturbations (Fig. 5a). The vertical velocity fields exhibit éFigs. 5b, d and f). The anticlockwise and outward propaga-
clear spiral-band shape with an almost 200-km radial exteitn of perturbations to C1 are maintained for more than 20
after more than 2 hours (Fig. 5c). As shown by Fig. 2, it isours (Figs. 4c and d). Finally, the wave properties are dom-
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inated by the traditional coupled VR waves, which are als@rtex is wider and has longer duration than those in both the
phase-locked at the MRV of C1. C3 and C1 vortices (Figs. 6¢ and 7c). The vertical motions
The TS vortex is a monotonic vortex, whose radial voat upper and lower levels have the same direction within the
ticity gradient does not change sign, so coupled VR walRMW after 15 hours of integration (Figs. 6d and 7d).
instability on it is not possible. The evolution of asymme- The behavior of waves in the TS vortex, which is forced
tries in the TS vortex was ever discussed in NM02, whereabwthe thermal asymmetries near its RMW, is in direct con-
3-wavenumber thermal perturbation was introduced into ttrast with those in the C3 and C1 vortices. The waves are not
outer core of the vortex in their study. The evolution of thdominated by VR waves, but resemble the horizontal struc-
perturbations also goes through two phases: a short-term ewuwe of a classic RIB wave. The waves in the quasi-balanced
lution of internal gravity waves and a long-term phase dsetage are similar to those proposed by NM02, but without
scribed by the evolution of the resulting PV fields. In thisvident fish-shaped features in its inner core (Fig. 6b). The
study, the initial thermal perturbations are located near thpiral bands triggered in the TS vortex are wider than those
RMW, but not 80 km from the vortex center as in NMO2. Iniin the unstable C3 and C1 vortices, which rotate very slowly
tially, the evident vertical movements are concentrated withiim the azimuthal direction and mainly propagate in the radial
100 km from the vortex center (Fig. 6a) and the phases of vdirection (Figs. 4e and f). Such bands become narrower with
tical velocity are almost unchanged at all levels except the the development and contrast to the center (Fig. 6d). Compa-
dius where upon the thermal perturbations are imposed (Figble with C1 and C3, its extreme perturbations appear near
7a). After 1 hour, the vertical velocity is characterized bthe RMW before 6 hours of simulation.
a notable spiral-band structure with scale in the azimuthal In the unstable vortices, the inner VR waves might be
direction larger than that in the radial direction (Fig. 6b)xoupled with the outer IB waves during the hydrostatic ad-
The vertical velocity maxima regions incline clearly outsidgistment. In the strong C3 vortex, the PV anomalies are not
r = 50 km with a distribution of alternately positive and negyet dominated by the feature of VR waves (Figs. 8a and b).
ative values in the radial direction, while they incline veriffhe waves at the quasi-balance stage resemble the features
little within r = 50 km (Fig. 7b). The indication is that theof classic VR waves (Figs. 8c and d). The existence of the
vertical upward movements within the RMW are dominantB wave favors the spiral-band-like structures with wider ra-
while the radial motions are evident outside of the RMW. Thdial extent. It is difficult for the weaker, unstable vortex, e.g.,
high values of vertical velocities almost distribute within th€1, to regain quasi-balance, so the spiral bands further from
MRV with the integration. The spiral-band shape in the Tte vortex center, similar to distant spiral bands in real TCs,
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form and maintain more easily. Whereas, the stronger vortex Deep convection often occurs in the eyewall and spiral
might absorb the asymmetric perturbations to spiral rapidiginbands in real TCs. The thermal perturbations introduced
into its centre, and a compact PV band forms near the RM¥to the vortex near the RMW in this simulation can, in part,
which is similar to the structure of an eyewall-rainband conmmepresent the effect of pulse heating near eyewalls. In con-
plex (Houze, 2010). In the stable vortex, the RIB waves avection regions, the hydrostatic balance may be broken and
triggered by the thermal asymmetries. The VR waves pragsumed after a fast adjustment via the dispersion of gravity
agate outward (Figs. 9b and c¢) and favor the widest radi@aves. The time taken for the hydrostatic balance adjustment
extent and longest-lived distant bands. The asymmetric per-finish mainly depends on the instability and intensity of
turbations are decaying and contract to the vortex center (Higsic vortices. The formation of distant bands, which is con-
9d). sidered to be much more complicated (Li and Wang, 2012),
might accompany the process of hydrostatic balance adjust-
. . . ment. In the quasi-balance state, the spiral bands gradually
5. Discussion and conclusions concentrate to the inner core, which are commonly studied

In this study, the TCs of different intensities were approXrom the perspective of VR waves. This study represents an
imated by three categories of vortices and the defined therratiempt to determine the role of TC intensity and stability in
perturbations were respectively introduced into the RMWs tife formation of spiral bands via hydrostatic balance adjust-
these vortices, which can be considered as the location neeant. This may enhance our understanding of the formation
the eyewall of real TCs. For simplicity, we simulated the ev@nd evolution of distant spiral rainbands. However, in view
lution of asymmetric perturbations using the 3DVPAS modef our linear model and oversimplified thermal asymmetries,
to trace the evolution of spiral band-shape structures withautr conclusions need to be verified in future work using nu-
considering the symmetric response. merical simulations.

The simulations show that all the three vortices expe-
rience a hydrostatic adjustment process after the introduc- Acknowledgements. The authors would like to thank Prof.
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