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Abstract:

In this paper we address a central and hitherto unanswermstign in tropical meteorology on whether axisymmetricrivane
models correctly represent the essential mechanism advortensification as compared to a three-dimensional nitbeeéxplicitly
simulates local convective structures rather than coiweedhgs. We show that the azimuthally-averaged air dgmsian idealized,
three-dimensional, nonhydrostatic, numerical model foppical cyclone is generallgreater than that which is in thermal wind
balance with the azimuthally-averaged tangential wine&tdp®ensity differences between these states are chazadtéy virtual
temperature differences on the order of a few degrees Gelsle hypothesise that the buoyancy of the vortical hot teythat have
been shown to be the basic coherent structures in the cyicitamsification process, drives a wind field that generalfdk the mass
field. It follows that there is a fundamental difference betw tropical-cyclone development in a three-dimensiooatmydrostatic
model and an axisymmetric one, since the intensificatiomabasymmetric vortex requires the density to be less thahdhthe
balanced state to drive the necessary in-up-and-out secpnilculation.
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1 Introduction Smith et al. (2008) examined the intensification of
the azimuthal-mean tangential flow in the two main cal-
In a recent paper, Nguyeet al. (2008, henceforth M1) culations in M1 in terms of axisymmetric principles. They
examined tropical-cyclone intensification and predidtabjgentified two mechanisms for the spin up of the mean
ity in the context of an idealized three-dimensional numegngential circulation as a result of the inflow produced
ical model on anf-plane. The model has relatively basigy the VHTs. The first involves the convergence above
physics including a bulk-aerodynamic formulation of thhe boundary layer in the presence of absolute angular
boundary layer and a simple explicit moisture schemgmentum conservation and is a mechanism to spin up
to represent deep convection. In the prototype amplifi¢e outer circulation. The second involves convergence
tion problem starting with a weak axisymmetric tropicajyithin the boundary layer with some loss of absolute
storm-strength vortex, they showed that the emergent flgngular momentum due to friction and is a mechanism to
becomes highly asymmetric and is dominated by degpin up the inner core, typically near or inside the radius
convective vortex structures, even though the problemgsmaximum tangential wind speed above the boundary
posed is essentially axisymmetric. Following Hendrickgyer.
et al. (2004) and Montgomergt al. (2006) we refer 1o~ Tpese ideas differ in important ways from those
these structures as “vortical hot towers” (VHTS). Thegq,qved in the currently accepted paradigm for vortex
towers have local buoyancy relative to the azimuthallyyensification. This paradigm is associated with the so-
averaged density field (Montgomeeyal. 2008) and col- .5 jed WISHE-mechanisiras described, for example, by
lectively drive a secondary circulation with convergenggsnuelet al. (1994), Craig and Gray (1996) and in
in the lower troposphere that is a key feature of th_e SPINHR ent reviews by Emanuel (2003, 2004). A central tenet
of the mean vortex (Montgomerst al. 2006, Smithet ¢ 1o \ISHE-mechanism holds that cloud buoyancy is
al. 2008). In addition, they locally enhance the existing necessary to explain intensification in an axisymmetric
rotation of the initial vortex. The foregoing studies '”dlframework other than to offset the dissipation of energy.

cate that the VHTSs are the basic coherent structures inﬁ]% question is: can one reconcile this paradigm with the
vortex intensification process. A similar process of e"ﬂhdings described above?

lution occurs even in a minimal tropical-cyclone model
(Shin and Smith 2008).
TThe term WISHE, which stands for wind-induced surface heat
exchange, was first coined by Yano and Emanuel (1991) to eehet
*Correspondence to: Roger K. Smith, Meteorological In&jtwni- source of fluctuations in subcloud-layer entropy arisirgrfrfluctua-
versity of Munich, Theresienstr. 37, 80333 Munich, Germdiynail: tions in surface wind speed. The WISHE-mechanism is aetedlin a
roger.smith@Imu.de revised form by Montgomersgt al. (2008).
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Figure 1. Schematic diagrams illustrating system buoydacgl buoyancy and unbalanced buoyancy. The red curvestinganels show
isotachs of azimuthal-averaged tangential wind speedspiged decreasing with height and the solid curves marked\B ah isopleth of
constant densityy, (1, z), that is in thermal wind balance with the tangential winddiélhe dashed lines represeatmuthally-averaged
density isopleths, p. (7, z) andp.(r, z), that are in each case different at inner radii than the bathnlensity. The isopleths marked A
in each panel are heavier than the balanced density whileuttve C in panel (a) is lighter. However all these densitresless than the
density at large radiusi,(z), and therefore posess positive "system buoyancy”. Curvad\riegative "unbalanced buoyancy” because
po(T, 2) < pa(r,z) and curve C has positive "unbalanced buoyancy” because, z) < ps(r, z). Curve C in panel (b) represents a
density isopleth at a given azimuth which deviates from thmathally-averaged density. Where it dips below curve i#ai$ positive local
buoyancy p.(r, z) < pa(r, z)] and where it lies above curve Af(r, z) > pa(r, 2)] it has negative local buoyancy. Where it dips below
curve B p.(r, z) < ps(r, )], it has positive "unbalanced buoyancy” and where it lies\acurve B p.(r, z) > ps(r, 2)] it has negative
"unbalanced buoyancy”.

To explore the foregoing question it is necessary Bin Fig. 1a). This distinction allows us to consider the sit-
review the concept of buoyancy as it relates to a rapidiyation wherp,(r, z) is not in thermal wind balance, itself.
rotating fluid. The concept is discussed by Snsthal. Thus, wherp(r, 2) < p.(r, 2), the azimuthally-averaged
(2005). First it should be remembered that the buoyardgnsity field has negative unbalanced buoyancy (Curves
force has both a radial and vertical component, but fArin Fig. 1) and whenp,(r, z) < py(r, z) it has positive
tropical cyclones, the radial component is small comparedbalanced buoyancy (Curve C in Fitp). Panel (b) of
to the vertical component. Secondly, the vertical compbig. 1 illustrates the case where the density isopleth at
nent of the buoyancy, is not a unique force, but dependsome azimuth (Curve C) has both local buoyancy, repre-
on the choice of reference density. ¢, used to define it. sented by the deviation of this curve from the azimuthally-
Thusb = —g(p — pre)/p, Wherep is the density of an air averaged density (Curve A), as well as unbalanced buoy-
parcel andg is the acceleration due to gravity. Smigh ancy, represented by the deviation of this curve from the
al. distinguish betweesystem buoyancy andlocal buoy- balanced density (Curve B). Montgomeey al. (2008)
ancy. System buoyancy is defined relative to@mbient showed that the VHTs in the calculations in M1 pos-
reference density,(z), that depends only on the heighgess significant local buoyancy relative to the azimuthally
z above the surface (see Fitj. In contrastjocal buoy- averaged density field. Then two questions naturally arise:
ancy is defined relative to a reference density that varies
with radius and height (and possibly also in time), say e Isthis buoyancy dynamically importantin the inten-

pa(r,z) (Curves A in Fig.1). Smithet al. took this ref- sification process, or does it play a passive role as
erence density to be in thermal-wind balance with the  suggested by Emanuel (1986, 1989, 1994, 1995,
azimuthal-mean tangential wind speed, galy, z). Then 1999, 2003, 2004)?

a balanced vortex has only system buoyancy and no locale Does the azimuthally-averaged density field differ
buoyancy. Here we define the local buoyancy relative to  from that of the density field in thermal wind bal-

pa(r, z) and reserve the terombal anced buoyancy for the ance with the azimuthally-averaged tangential wind
buoyance relative to the reference dengityr, z) (Curve field, i.e. does it have unbalanced buoyancy?
Copyright(© 2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 00: 1-6 (2008)
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An answer to the first question was given by Monkm on each side. There are 24evels in the vertical, 7 of
gomeryet al. (2008). Specifically, it was shown that nonwhich are below 850 mb. The calculations are performed
trivial and modest local buoyancy contributed to the gean an f-plane centred at 20. To keep the experiments
eration of accelerating updrafts and significant local vas simple as possible, the main physics options chosen are
tex tube stretching - enhancing the cyclonic vorticity @& ththe bulk-aerodynamic boundary-layer scheme and either
parent initial vortex by more than an order of magnitudbe simplest explicit moisture scheme that mimics pseudo-
in the early period of intensification. In particular, thérsp adiabatic ascent, or a warm-rain scheme. These schemes
up of several of these VHTSs has a collective impact on thee applied in all domains. The sea surface temperature is
low-level spin up of the system-scale azimuthal-mean veet to a constant 2C. For simplicity, radiative cooling is
tex as documented in Smighal. (2008). Thus, the VHT neglected. The initial vortex is axisymmetric with a max-
dynamics provide an asymmetric tropical-cyclone intengaum tangential wind speed of 15 m'sat the surface at
fication pathway, the 'VHT-pathway’, that is distinct froma radius of 135 km. The strength of the tangential wind
the widely accepted 'WISHE-pathway’. decreases sinusoidally with height, vanishing at the top

At least in a non-hydrostatic axisymmetric vortermodel level (50 mb). The temperature field is initialized
model, one might argue on the basis of elementary flu@be in gradient wind balance with the wind field using
dynamical principles that vortex amplification can prahe method described by Smith (2006). The far-field tem-
ceed only if the unbalanced buoyancy is slightly pogeerature and humidity are based on Jordan’s Caribbean
tive to enable it to drive a secondary circulation witsounding (Jordan 1958).
low-level convergence. In this case, the inner-core virtua  The vortex centre is defined as the centroid of relative
temperature must be slightly larger than that required tgrticity at 900 mb over a circular region of 200 km radius
thermal-wind balance. If the unbalanced buoyancy wedrem a “first-guess” centre, which is determined by the
negative, it would drive a secondary circulation with lowminimum of the total wind speed at 900 mb. Azimuthal
level outflow. Of course, in a model that assumes thernaaerages are computed relative to this centre. Two of
wind balance such as those of Emanuel, the latent higuyenet al. s calculations are examined: Experiment 1,
release implicit in cloud updrafts is assumed to go instahe control calculation which assumes a pseudo-adiabatic
taneously into elevating the system buoyancy and theegresentation of latent heat release and Experiment 2, the
can be no local buoyancy. The question remains, howewarresponding calculation with a representation of warm
is this assumption supported by the azimuthally-averageéh processes.
fields in the three-dimensional calculations in M1? This To answer the questions posed in Sectiaequires
brings us back to the second question itemized abotlee balanced temperature field of the vortex to be deter-
i.e. is the azimuthally-averaged density field in the threeined. We do this using the method described by Smith
dimensional calculation the same or slightly less than t#006). This method assumes the tangential wind field is
corresponding density field that is in thermal wind bagfiven as a function of radius and height at a particular time
ance with the azimuthally-averaged tangential wind field®d it integrates a general form of the axisymmetric ther-
The present paper examines this important question. sl wind equation from a selected grid point to some large
it turns out the answer is no: it is significantly larger. Inadius where the vertical profile of pressure, density (or
other words, the azimuthally-averaged density field heistual temperature) are known. The thermal wind equa-
negative unbalanced buoyancy. This finding raises fundi@n may be written in the form:
mental questions concerning the applicability of axisym-
metric models for studying or predicting tropical-cyclone —Inp+ co Inp=—-— 1)
intensification. or g

The paper is organized as follows. First we revie, ; : ; : ; o
briefly in Sectior? the Nguyeret al. model and outline thewgherET 'S the radius; is the height, Is the density” =

hod f lculating the bal d field r + fuvis the sum of the centrifugal and Coriolis forces
method for calculating the balanced temperature field oL, it massy is the azimuthally-averaged tangential

the.vortex. The resultj,.thesirin;[;rprgta;;cion anc:thgirlimpwind speed, is the Coriolis parameter and is the
cations are presented in Sectismnd the conclusions In,¢celeration due to gravity. This is a linear, first-order,

Sectiond. partial differential equation fdm p and may be solved by
the method of characteristics. The characteristics gatisf
2 Model setup the ordinary differential equation

The numerical experiments are carried out using a modi- dz _C )

fied version of the Pennsylvania State University-National dr g’
Center for Atmospheric Research fifth-generation Meso- - . . . .
scale Model (MMS; version 3.6) (Dudhia 1993: Grell whereuporin p satisfies the ordinary differential equation
al. 1995), which is suitable for the study of idealized prob- d 19C

lems. The model is configured with three domains: one gy np= .0 3)
with a coarse mesh of 45-km resolution and two, two-way

nested domains of 15 and 5 km resolution, respectivdlyturns out that the characteristics are simply the isobars
The domains are square and are 5400 km, 1800 km, @&0@ the integration involves the simultaneous solution of
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80— 77— However, it is clear from the figure that the azimuthally-
averaged virtual potential temperatures in the MM5 cal-
culation are a few degrees less than those that would be
in thermal wind balance with the azimuthally-averaged
tangential wind field, i.e. the mean vortex has negative
unbalanced buoyancy. The same is true in Experiment 2
as exemplified by Figuré, which shows similar radius-
height cross-sections for this experiment to those in Eigur
3.
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The foregoing results point to a fundamental differ-
ence between the axisymmetric paradigm for tropical-
o ——r—rt———— cyclone intensification (the "WISHE pathway’) and the
0 24 48 72 asymmetric paradigm, which involves the VHTS (the
. 'VHT pathway’). The behaviour in the three-dimensional
Time (h) calculations may be explained by recalling the generalized
Ei . , . . Rossby adjustment problem wherein a stably stratified cir-
igure 2. Time-series of azimuthal-mean maximum tangentia s h . . .
wind component at a height of 500 m in Experiment 1 (red curv%}”ar vortex initially in gradient and hydrOStat'C bala"me
and Experiment 2 (blue curve). subject to an unbalanced perturbation. For horizontal per-
turbation scales that are much less than the local Rossby
radius of deformation, the mass field will tend to adjust to
(2) for the height of the isobars an@)(for Inp along the wind field. Here, the VHTSs represent the unbalanced
the isobars as functions ef Application of the method perturbations to the mean vortex and the local Rossby
requires an interpolation of the azimuthally-averaged ta@dius of deformation for the mean vortex is on the order
gential wind so that it may be calculated at an arbitra®f 150 km (e.g., Shapiro and Montgomery 1993). Now,
radius and height at any given time. Here we use a bifgmembering that the adjustment time for the mean vortex
tional spline approximation to accomplish the interpolés typically on the order of several local inertial periods
tion. @n/\/(f +2Q)(f + d(rv)/rdr) ~ 7/Q ~ 2 h, whereQ
is the azimuthally averaged angular velocity of the system
vortex), we should not be surprised to fildsystemati-
cally lagging behind,.

Wind speed (m/s)
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3 Results

The evolution of the vortex intensity in the two MM5 cal4 Conclusions
culations is characterized by the maximum azimuthally- h h that th . fund tal diff
averaged tangential wind speed at 500 m shown in Fig'\? ave shown that there Is a fundamental dilierence

2. After a short gestation period lasting about 10 h, ppgtween the axisymmetric paradigm for tropical-cyclone

two vortices rapidly intensify. The intensification rate ﬁtensmcatlon and the asymmetric paradigm, in which

markedly slower in Experiment 2 because the warm-rajic vortical hot towers are key elements of the evolution.

process includes the effects of precipitation-driven doquod;t?\?é ngsz%rg g;,i onngo;z?rTStthzﬁu_(:\%?; t:c?tﬁz%ve
drafts, which lower the equivalent potential temperature'? yancy. y 9
the boundary layer.

has negative unbalanced buoyancy, which we defined
here as buoyancy relative to the reference density of the
Figure 3 shows radius-height cross-sections of t yancy Y
azimuthally-averaged tangential wind speed and virt

lanced state. Therefore it cannot support an intengjfyin
potential temperatufeat 24 h intervals to 96 h in Experi-

culation by itself. As a result, we conclude that this
: . ) circulation must be driven by the local buoyancy in the
ment 1. It shows also the differences in the virtual potefits we believe that this important result questions
tial temperature between the full solution and that cale integrity of axisymmetric models for representing or
culated assuming thermal wind balance as describedy{aicting tropical-cyclone intensity change. To assess
section2. At all times the vortex is warm-cored in termgpe  quantitative importance of these findings requires
of virtual potential temperature contrasts at a fixed height,ore systematic comparison between two and three

as one expects for a tangential wind field that decreaggfensional models. We aim to report on such a study in
with height: in other words the system buoyancy is pogie course.

itive (Smith et al. 2008). The same is true also of the
balanced solution, except at low levels where, as a result of
friction, the tangential wind increases sharply with heigh®  Acknowledgements
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