Tropical cyclone evolution in a minimal axisymmetric model
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An improved version of a minimal model for a tropical cyclone is described.
The model is used to revisit some fundamental aspects of vet behaviour
in the prototype problem for tropical cyclone intensification. After rapidly
intensifying to a mature phase in which the maximum tangentl wind speed
remains quasi-steady for a few days, the vortex ultimately dcays. In a 20
day simulation, the vortex never becomes globally-steadyn particular, the
upper anticyclone continues to expand for the duration of tke integration. These
results are consistent with those of recent studies using m® sophisticated
numerical models. As in the latter models, an important featire of the dynamics
of spin up is the development of supergradient winds in the bendary layer and
the vertical advection of the associated high tangential-wmentum air from the
boundary layer to spin up the eyewall region. This mechanisigwhile consistent
with some recently reported results, is not part of the clagsal theory of spin up.
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1. Introduction An axisymmetric version of the Zhat al. model was

. i ) i . developed by Nguyeat al. (2002) and a slightly modified
Simple models occupy an important niche in providingysion thereof was used more recently by Snathal.
basic understanding of tropical cyclone behaviour. Indegdy1 1) o explore the effects of latitude on tropical cy&on
three of the early paradigms for tropical cyclonfengity and size. In the latter study, the model was
intensification are based on minimal models with Ain for a period of 12 days, by which time the vortex
simplified representations of the physical processes thtou Epeared to have reached a’ quasi-steady state as judged
gobgmog {ng%sét 'gﬁggﬁgf ig(gghalrgg% aRdrelilelzﬁsrizr\]/i;vi the evolution of the maximum tangential wind speed.

y ’ ’ ' %sed on the behaviour of previous simple models, a quasi-
2

eady solution was to be expected and was not questioned.

one such minimal numerical model, a three—dimensiong?ry recently, howeve:\r, the issue giobally steady-state_
three-layer, model formulated in-coordinates. The modeltrdp'.cal cyclone solutions has come under close scrutiny
was designed initially to examine the sensitivity o(fsm'thl et.a:]. 22146‘) lbeqause O]; the need in Su|Ch modﬁls
tropical cyclone intensification to different convectivP "ePlenish the cyclonic angular momentum lost to the
parameterization schemes in the same model and iYS€M by friction at the sea surface (Anthes 1972). Thus,
configuration that was simple enough to provide insigRf'€ motivation of the present study is to establish whether
into the differences between schemes in relation to i solutions obtained in previous versions of the minimal
intensification process. A novel feature of the modglodel were globally steady and, if so, to identify the source
was the ability to switch from one mass-flux cumulu@f angular momentum.

parameterization scheme to another by simply changing thén more sophisticated three-dimensional, multi-layer
method for determining the cloud base mass flux. models discussed by Smitt al. (2014a) and Kilroyet

these paradigms is given by Montgomery and Smith (201
More than a decade ago, Ztat al. (2001) described
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al. (2015), a global steady state was not achieved and
after going through a mature phase in which the maximum

tangential wind speed remained quasi-steady for a few @ _ _u@ _d@ T fut f+
days, the vortex ultimately decayed. Moreover, the upper ot or 0o T (1)
anticyclone continued to evolve, even during the mature ROo(p*o + prop) ' Op*  0¢ D
stage so that the vortex was not globally quasi-steady. Here i or  or T Du,
we investigate this issue with a modified version of the
minimal axisymmetric model of Smitét al. (2011). O o v ww

A further issue with previous versions of the minimal a - Yor %90 fu— s + Dy, )
model, again only recently discovered, is that the surface
enthalpy fluxes are unrealistically large, a feature that is d¢  Rp*(p*o +ptop)l£9 3
attributable to the assumption of a well-mixed boundary F I ’ 3)

layer (the lowest layer of the minimal model). The problem

arises because, in a conventional bulk formulation, tH&'ereu andv are velocity components in the radial and
surface moisture flux is assumed to be proportional to Rfgential directionsiz is the specific gas constant for dry
difference between the saturation specific humidity at tAE: & = £/¢p, ¢, is the specific heat of dry aif] is the
sea surface temperature and the specific humidity at a he%@”“al temperature, is the geopotential, and,, and D,

of 10 m above the surface. Assuming that the specif oresent terms associated with turbulence in the radihl an

humidity in the boundary layer is well mixed, as is don@muthal directions, respectively, apgl= 1000 mb.

also in the Emanuel formulations (Emanuel 1989, 1997,The gurface pressuré tendency equa’Flpn,derlved from the

2003, 2012), the specific humidity at a height of 10 |FPntinuity equation and boundary conditions is

can be equated with that throughout the boundary layer. . :

However, the results from models with a more sophisticated Op - _ / lﬁ(p*m)dm (4)

representation of the boundary layer suggest that this may ot o ror

be a poor approximation, except possibly for a small range . . . .

of radii inside the radius of maximum tangential win@ndd is given by

speed (see e.g. Rotunno and Emanuel 1987, their Figure 12 - 1

and Montgomeryet al. 2014, their Figure 14. A further 5 — _i/ lg(p*m)dg + i/ lg(p*m)dg.

examination of this issue provides additional motivation f p*Jo rOr p* Jo ror

the present paper. _ _ _ (5)
A final aim of the paper is to compare our results with 1 1€ thermodynamic and moisture equations are

those of a recent study by Kilrast al. (2015), which uses a

more sophisticated three-dimensional model. They showed % = _u% — d% + Qo+ Dy + Ry (6)
that tropical cyclones grow progressively in size and decay ot or do
in intensity after reaching maturity. We examine whethgg,q
such behaviour is a feature of the minimal model. dq dq . 0q
The paper is organized as follows. The model and the o “or  %o0 + Qg+ Dy + Ry, @

details of the numerical simulation carried out are dewfibwheree is the potential temperature, is the specific
in sections2 and 3. The results of the simulation arenumidity 0, and Q, represent the aiabatic heat and
; X . X s q
_pl)_rhesente? a.“d dlscus§ed n sec;qgm;nd 6, respectively. moisture sources associated with deep cumulus convection,
€ conclusions are given In section and Dy and D, denote contributions from turbulence. The
terms Ry and R, represent relaxation of the potential

2. Description of the numerical model temperature and moisture to the prescribed environmental
profiles. The temperatutg is related t& by
2.1. Governing equations
ro(Z)e- ety
The model used here is an axisymmetric version of the Do Dy '

minimal three-layer hurricane model described by Zhu
et al. (2001), similar to that developed by Nguyest 2.2. Parameterization of turbulence

al. (2002). The formulation is based on the hydrostatic

primitive equations in cylindricat-coordinates«, A\, ¢) 2.2.1. Surface turbulent fluxes

on an f-plane, wheres = (p — puoy) /p*, p° = Ds — Prop,

Ds andptop are the surface and top pressures, respectivéip,e turbulent flux of momentum to the sea surface and the
Diop IS @ constant (taken here to be 100 mb), ghis surface fluxes of sensible and latent heat are represented by
the Coriolis parameter. The lower interfasdevel is 8/9 bulk aerodynamic formulae in the form

and the upper one is 3/9. The upper and lower boundary
conditions require that = 0 atc = 0 ando = 1, where

o = Do /Dt is the ‘vertical’ o-velocity andD /Dt is the (Fu, Fv) = =pCp [ (up, vp)
material derivative. The radial and tangential momentum Fon = pepCrc [up | (Ts — Tair) 9)
equations and the hydrostatic equation are: F, = pCrk |un| (¢; — Gair),

Wureshows an appreciable negative vertical gradieatjuivalent where the subscript ‘b’ denotes the value at the middie of

potential temperature in the boundary layer which stemm fonegative th€ boundary layeruy| is the horizontal wind speed;;
gradient of specific humidity there. andgq? are the sea surface temperature (S@8C) and the
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saturated specific humidity at this temperature (and at seast be incorporated through parameterization (Bryan and
surface pressure), respectively. Furthermprdenotes the Rotunno 2009). Thus, as in the asymmetric version of
near-surface air density;, is the surface drag coefficientthe model, a biharmonic damping term is appended to all
andC is the exchange coefficient for enthalpy. prognostic equations except the pressure tendency eguatio

In an earlier version of the minimal model, it wadhis term has the form
assumed that the specific humidity is well mixed and hence
constant throughout the boundary layer as is done in the — kaV*y, (11)
Emanuel formulations (Emanuel 1989, 1997, 2003, 2012).

It was found recently that, at least in the present modeihere x is any of the variables:,v,0,q, and k4 is a

this assumption leads to surface moisture fluxes that giusion coefficient withk, = A*/7y, where A is the
unrealistically large. To circumvent this problem, we udgorizontal grid spacing, and, is a time scale, set here to
here a value fou,;, that is linearly interpolated to a height).0625 hours. Contrary to Nguyeet al. (2002), we found

of 250 m above sea surface, a value that was found to ¢fieat the biharmonic damping terisisufficient to smear out
reasonable flux values. As a guidance for realistic valuége amplitude shocks that occur at grid points where there
we followed an observational study by Cioaeal. (2000) is a sudden release of latent heat associated with the ixplic
(see their Fig. 7). condensation on the grid scale.

In an earlier paper (Smitht al. 2011), the temperature In addition to biharmonic damping, Newtonian damping
near the surfacel,;,., was obtained by extrapolatirifj, terms of the form-»u and—vv are added to the momentum
along a dry adiabat to th&m level above the sea surfacegquations for, andv in the outermost quarter of the domain
This extrapolation was not done in older versions of tfiorder to diminish the reflection of disturbances that heac
model, wherel}, was used instead. Here we use a linearlpe outer boundary. The damping coefficient increases with
interpolated value foff,;, similar to that forg,;- and in radius according to
order to obtain realistic values of the Bowen ratio, we
interpolateT,; to a height of 150 m, i.e., 100 m lower than L= RS [1 " cos (W r—Trq )} ’ (12)
the height of interpolated value of;,.. 27 —7rg

As a precautionary means to inhibit the development
of parameterized deep convection in the outer-core regisherer, is the radius at which the Newtonian damping
over this extended period of integration, we set the surfdeem is first applied,? is the domain size in the radial
sensible and latent heat fluxes to zero beyond a radiuglggction, andr; is a time scale set t860 s. In regions of
500 km. However, we did carry out a calculation in whicthe flow which are anticyclonic, this term provides a source
these fluxes were not suppressed and the differences tu@feangular momentum, while in regions where the flow is
out to be slight. cyclonic, it represents a sink of angular momentum.

Guided by results from the coupled boundary layer air-
sea transfer experiment (CBLAST: see Blaatkal. 2007, 2.3. Parameterization of convection and explicit moist
Drennaret al. 2007, Frenclet al. 2007, Zhanget al. 2008) processes

and as in Smittet al. (2014b), the drag coefficierd is ) )
determined by the formula Latent heat release in deep cumulus clouds on the subgrid-

scale is represented by a parameterization scheme proposed
Cp = [(0.74 1.4{(1 — exp(—0.055Rr [up|)}] x 1073, by Arakawa (1969). The scheme is a type of mass flux
(10) scheme in which the subgrid-scale mass flux is determined

where Rr = 0.8 reduces the boundary layer wind speedly assuming that deep convection tends to remove any
|uy,|, to the10-m level. In contrast(x is set to a constantconditional instability on a prescribed time scale. Thiseti
value of1.3 x 1073, scale is typically on the order of an hour, a value that is used

When the equations are discretized in the vertical, tfa this study. The removal of instability is accomplished b
surface fluxes of heat and momentum enter the equatio@l@xing the moist static energy of the upper layer towards
for the boundary layer through thB-terms as follows. that of the boundary layer on the assumed time scale. This
The contributions of the frictional drag terms {8, and scheme is complemented by a simple explicit scheme that
D, in Equations1 and 2 are obtained by dividing theis implemented where there is condensation on the grid
corresponding terms,, andF, in Equation9 by the depth scale. The two schemes are largely complementary in the
2z, and the density, of the lower layer. DividingF,;, by sense that once a grid column saturates, the convection
(pvepmsz) @and Fy, by (pp25) gives the contributions of theparameterization scheme tends to turn off in that grid
surface fluxes of sensible and latent heat’tp and D,, column. See Zhet al. (2001) for further details of these
respectively. schemes.

2.2.2. Subgrid-scale diffusion 2.4. Parameterization of radiative cooling

To suppress small-scale noise and numerical instabilithie effect of radiative cooling is crudely represented by
in the model, it is necessary to filter out energhe Newtonian cooling termy = —(6 — 0,..5)/7r to the

in high-frequency waves. In an axisymmetric modeifight-hand-side of the thermodynamic equation, Equation
the parameterization of subgrid-scale diffusion not on{$). Here,d,.; denotes the potential temperature profile of
represents unresolved subgrid-scale motions. Any ndine basic state antdy is a radiative time scale. Following
axisymmetric motion such as mesovortices in the elapesand Zuidema (1996), this time scale is setto 10 days.
or eyewall, boundary layer roll vortices, upper-levéls in previous versions of the model, the cooling rates were
asymmetric outflow jets, or vortex Rossby waves must bapped at-2K d—! although this rate is rarely exceeded
viewed as turbulence in an axisymmetric model, and henagth the new 10 day time scale. In earlier calculations with
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the model, where, following Rotunno and Emanuel (198

p546), 7k was set to 12 h, this capping was essential : cs: %) .
prevent unrealistic large cooling rates in the centraloegi | P IR (&8, bemem e | m e 0,2 0167
In the present model, relaxation was not applied when 1 1 — T
relative humidity in the upper layer exceeded 90 % as | o) 00333
crude way of representing the effect of cloud cover on tl T ’
heat lost to space by radiation. A similar relaxation terr ____| e I [0,8,.0, === === 1,0, |- — - 0, 0611
R, = —(q — qres)/7r is applied to the moisture tendenc; T . 1
beyond a radius of 500 km to suppress moisture change s, 5, =0.889
the far field. 0

ceeefu ,vh; ________ o, _ewqh:' [ u, -vhj:' ---5,=0.944
2.5. Boundary and initial conditions '6:10'- oot

The calculations are carried out in a cylindrical doma...
(0 <r < R,0<o0<1),with R = 3000 km. The boundary Figure 1. Configuration ofco-levels in the model with a Lorenz grid

conditions in each layer at= 0 andr = R are: showing locations where the dependent variables are stbhechorizontal
velocity components, geopotential, temperature, spetiimidity are
HA calculated in the middle of each layer. These are the layeGdnd b.
u=0,v=0— =0, (13) The vertical velocitys and the convective mass fluxes are stored at the two
or interface levels 2 and 4. From Nguyehal. (2002).

whereA can be any of the quantities v, 9, q.

The initial tangential wind profile is that used by Nguyeg.  The calculations
et al. (2008), which has a maximum tangential wind
speed of 15 m's! at the surface at a radius of 100 kmin order to address the issues/questions posed in the
The balanced temperature field corresponding with thiroduction, we present one calculation that investigtiie
vortex is obtained using the method described by SmigQolution of an initially weak baroclinic vortex to a mature
(2006: see section 2.3 therein). The far-field temperatyfépical cyclone and the subsequent decay of this cyclone
and humidity structure are based on the Dunion tropigler a 20 day period. The Coriolis parametgris set to a

sounding (Dunion 2011). The initial surface pressure d®nstant valuef,, that corresponds to a reference latitude
1015.1 mb. In the presence of the initial vortex, thgf 20°N.

minimum surface pressure (at the vortex centre) is 1009 mb.

4. Paradigm for understanding the results
2.6. Numerical method

To provide a setting for an interpretation of the results,
The model has three layers of unequal depth wite review briefly the azimuthally-averaged view (relevant
boundaries atr = 1, 04,02 ando = 0 as depicted in Fig. here) of the rotating convection paradigm for intensifimati
1. All dependent variables, such as horizontal velocigfticulated by Montgomery and Smith (2014) and Smith
potential temperature, specific humidity and geopotentiahd Montgomery (2015). In the classical mechanism for
are defined in the middle of each layer £ 0}, 03, and intensification, which Montgomery and Smitip. cit. term
o1) and the vertical velocity is staggerddk. it is defined “the cooperative intensification paradigm”, the spin up of
at the boundaries between the layers={ o, ando,). In the winds above the boundary layer (that are widely held to
the radial direction, the horizontal velocity components,be in approximate gradient wind balance) is accomplished
and v, are staggered also as indicated in Fig.This is by the convectively-induced inward radial advection of
the so-called Lorenz-grid (L-grid). The advantage of the Lthe surfaces of constant absolute angular momentif
grid model is that total energy is conserved. In additioa, thvhere this quantity is approximately materially conserved
mean potential temperature and the variance of the potenitids assumed that surface moisture fluxes are sufficient to
temperature are conserved under adiabatic and frictisnlg®gintain the required deep convective activity.
processes (Arakawa and Suarez 1983). It turns out, however, that the spin up of the maximum

A disadvantage of using the L-grid is that it permits &angential winds takes place within the frictional bourydar

computational mode and in the study by Zhu and Smiyer, where) is not materially conserved and where the
(2003) it was replaced by a Charney-Phillips grid. At thatinds are no longer in approximate gradient wind balance.
time it was thought that the subsequent flow evolutidfvhile at first sight this idea may seem counter intuitive,
should be approximately symmetric and Zhu and Smithhas a simple explanation. What happens is as follows.
(2003) found that this was much more the case when usiHgg breakdown of gradient wind balance by the frictional
the Charney-Phillips grid. Subsequently, it was recoghizeetardation of the tangential wind component leads to a net
that the development of flow asymmetries were a natui@ward (agradient) force in the boundary layer, which, as it
consequence of the development of resolved-scale dé#gps out, leads to a much stronger inflow than in the vortex
convection in the model (Shin and Smith 2008, Ngugen above. The stronger the inflow, the shorter is the trajectory
al. 2008) rather than a negative consequence of using thedf-air parcels as they spiral inwards and therefore the
grid. In this study we adopt the L-grid for its conservatiopmaller is the loss ai/ caused by the frictional torque. Spin
properties in long-term integrations. The equations are
expressed in finite difference form in both the radial angfhe quantitys is defined in terms of the tangential wind speethy
vertical and integrated using the Adams-Bashforth thirthe formulads = rv + 1 fr2, wherer is the radius angt is the Coriolis
order method with an integration time step of 6 s. parameter. Alternativelyy = M/r — 1 fr.
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up of the maximum tangential winds in the boundary layerIn the absence of deep convection, the inflow within
is possible if the fractional rate of reductionf fo;;owing the frictional boundary layer leads to outflow just above
an air parcel is less than the fractional rate of reductitiee boundary layer and therefore spin down on account of
of inward displacement of the air parcel. Following tht#he outward advection of th&/-surfaces. Clearly, for the
foregoing authors, we refer to this feature as “the boundawprtex above the boundary layer to spin up, the inner-core
layer spin up mechanism”. convection must be strong enough to reverse the effect of
friction and produce inflow above the boundary layer. In
O T T T T T other words, this convection must be strong enough not
I ] only to “ventilate” the air that is converging in the bounglar

50 b - .
I ?: b l layer, but also to draw air inwards in the lower troposphere,
T oao b r'\,\/ 3 4 at least beyond a certain radius (see sediéh

A q ]
30 // \\ 5. Results: control experiment

20
5.1. Evolution of intensity

s

Vmax (m

10 [

11
12
MA
DY
1

Figure2 shows time series of the maximum tangential wind
N —— speedV;..., in the lower and middle layers together with
the radii, R4, Where they occur. It shows also the radii,
(a) Time (days) Rygales, at which the tangential wind speed in the lower
and middle layers fall to gale force (17 nT'y. During
the first few hours the vortex slowly decays due to surface
friction (see section). Thereafter, as convective heating
commences, the vortex begins to intensify. After about 2
days the vortex undergoes rapid intensification (RI) (the
period |1 in Fig.2), then decays a little before reintensifying
(the period 12 in Fig2) to reach a peak intensity of 49.7 m
s~ ! in the lower layer after about 5 and a half days. After
] reaching its peak intensity, the vortex undergoes a further
3 ] period of slight decay followed by a re-intensification phas
1 before steadily decaying. At the end of the simulatigp,,.

is 21.4 m s'. Shown in Fig.2 are two other periods
characterizing the mature phase (MA) and decaying phase
(DY), which will be referred to later.

Note that the maximum tangential wind speed in the
: ] middle layer is always smaller than that in the lower layer
o E with maximum differences of about 5 m 5at times where
600 £ 3 ] the intensity has a local maximum.
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Figure 2. Time-series of (a) maximum tangential wind spe®g,,, and 0 2 4 6 8 10 12 14 16 18
(b) the radius,Rymaz, Where it occurs. Panel (c) shows the outermost Time (days)
radius of gale-force windsR ;.. The red curves are for the boundary
layer, labelled b, the blue curves for the middle layer, llebe3. The Figure 3. Time-series of maximum vertical velocity from the middlete
vertical lines in each panel delineate four periods of eNmtudepending on upper layer and the radiu®.,maq., where it occurs. The periods 11, 12,
Vimaa- The intervals 11 and 12 refer to two periods of rapid intéination, MA and DY are as defined as in Fig.
MA refers to the mature stage and DY refers to the decay phEse.
jumps in Rymaz and Rgyqes in panels (b) and (c) are associated with
the development of new local maxima ¥4, in the middle layer as
discussed in the text. 5.2. Evolution of inner-core vortex size

The two mechanisms of spin up are coupled throudihe radius of maximum tangential wind spee@,;,q.
boundary layer dynamics. Moreover, because the strenggives as a metric for the inner-core size. Figlireshows
of both wind components in the boundary layer increasme series of this metric. The onset of rapid intensifiaatio
as the tangential wind speed above the boundary lagéter 2 days coincides with the lowest valueityf,, . of 43
increases, a spin up of the winds in the boundary layen in the lower layer. Thus, in this layer, the inner-coresiz
requires a spin up of the winds above the boundary layecreasesven during the period of rapid intensification
as well. ThereafterR, ... steadily increases.
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In the middle layer, the minimun®,,,,,..., about 44 km, development is not akin to an eyewall replacement cycle
occurs just after the first period of Rl and its value remaias the outer maximum moves outwards with time. At this
quasi-steady until about 17 days. The longer term behavistage, we do not have an explanation for all these diffeence
of Rymaz INthis layer requires some clarification. In sectioim detail.

5.6, we showiinter alia, Hovmaoller plots ofv. These plots

indicate that beyond about 13 days, the tangential wind fi@d. Evolution of the secondary circulation

develops two local maxima, first in the lower layer and a few ) ) ) )
days later in the middle layer. The first local maximum fsigure 3 shows time series of the maximum vertical
found at about 50 km in both layers and its location remaiM8l0City, wimaz, from the middle to the upper layer. This
steady for the entire simulation. However, the second log4jantity is a measure of the strength of the secondary
maximum increases in magnitude, eventually exceedififculation. Shown alsois atime series of the radtys,...,

that of the first maximum. The curve f@t,,,.. in Figure at Whichw,,., occurs. As the storm intensifie$}..max

2b follows the outer maximum. A study of the absolutBrovides information about the location of the eyewall
angular momentum budget presented in sediavill help updraught. The temporal evolution of these quantities

to understand this aspect of vortex behaviour. follows those ofV,,a; and Rypax, respectively (compare
Figs. 2a,b with Fig.3). The maximum value fotv,,,, of
5.3. Evolution of outer-core vortex size 129 cm s'* occurs at about five and a half days, where the

time series of,,,., shows its peak maximum. We do not

Figure2c shows time series of the outermost radius of gaghow values ofw,,,, beyond 18 days when the vertical
force tangential wind speed,;.s, which is used here toVvelocity becomes very small and its radial distribution
characterize the outer-core vortex size. Comparison withows several local maxima.
Fig. 2b shows that the evolution @, is not obviously ~ While wy,., is one measure of the strength of
related to that ofR,,,., NOr is it related to the evolutionthe secondary circulation passing through the eyewall
0f Vinaz- This behaviour is in line with the observations ofipdraught, it is not the key measure. This is because it
typhoons described by Weatherford and Gray (1988) titites not quantify the ability of this updraught to ventilate
inner-core changes in the azimuthal-mean tangential wili@ mass converging in the boundary layer. What matters
speed often occur independently from those in the oufer generating inflow above the boundary layer to spin
core. up the tangential winds (the classical spin up mechanism

In the lower layer, gale-force tangential wind speedtiscussed in sectio) is the difference between the
develop first at- = 70 km after a little under one day. Overadially-integrated mass flux across the updraught at he to
the next 12 hR ... increases only slightly before levellingof the middle layer and that at the top of the lower layer,
off. After about two and a half days, at the start of Rl ds. the top of the boundary layer. We denote this difference
delineated by 11R,...s increases steadily, reaching a pedky dM f. Specifically, the mass fluxes, themselves, are
value of about 400 km after 10 days. At this timig, ., has calculated by integrating the vertical velocity, wheresit i
already begun to decline. Thereafta,,;., decreases to apositive, with respect to radius and multiplying by the
value of 350 km after 20 days. ambient density at each level. The integration extends to

In the middle layer, Ry, progressively increases@ radius,Ryr = 150 km, large enough to encapsulate the
reaching a peak value of about 750 km just after 13 dagyewall updraught, but small enough that the neglect of
Then, the value falls abruptly to a quasi-steady value of 28egative values of vertical velocity is justified.
km. The reason for this behaviour is discussed in sectiorfFigure4 shows a time series @f\! f together with a time

5.6). series ofl/,,,4,; in the middle layer. Positive values o/ f
indicate that the eyewall updraught is more than able to
5.4. Comparison to Kilroy et al. (2015) ventilate the mass flux expelled from the boundary layer so

that, by mass continuity, there must be inflow in the middle
In a similar calculation to the one here, but using layer at and beyond = R,;r. Such inflow is indeed
more sophisticated multi-layer model, Kilr@t al. (2015) found during this period as shown in Fig. Assuming the
showed that during a 30 day integration, the tropicalaterial conservation of absolute angular momentum in this
cyclone grew progressively in size and decayed in intendifyer, this inflow would lead to a spin up of the tangential
after reaching maturity. The behaviour of the vortex wind there. In contrast, negative valuesddfl f imply that
our simulation is quite similar, although the decay afteot all of the air that leaves the boundary layer can be vented
reaching maturity is more rapid, the growth i,,.., into the upper troposphere within the eyewall so that there
during the decay phase is larger, but the growtiRja;.s must be radial outflow at = Ry, and an accompanying
does not continue (Fig2). A likely reason whyR,...s tendency to spin down of the tangential winds in the middle
does not expand throughout the whole simulation as in tlager there.
calculation byet al., but starts to contract again after about During the first few hours of the simulatior/,, .
10 days is that/,,.. in the Kilroy et al. simulation still decreases slightly in the middle layer and, as expected,
lies above hurricane-strength after 30 days of integratiatl/ f is negative during the time period. During the
while the final intensity in our calculation has dropped asibsequent gradual increase in intensity/ f becomes
low as 21.4 ms! after 20 days. The inner-core vortex sizegositive, again as expected. However, during the rapid
as measured b¥,..., iNncreases progressively thoughouihtensification phase after two day&)/ f again becomes
the whole simulation and reaches unrealistic values on tregative, contrary to expectations based on the foregoing
order of 200 km after 20 days, whereas that in the Kilra@onsiderations and there must be another process by which
et al. simulation it increases only to about 70 km. Howevethe inner-core tangential winds spin up in the middle
unlike in their simulation, the tangential wind field in théayer. As will be shown in sectio, the spin up of the
present one develops two local maxima (F&p). This eyewall region occurs by the vertical advection of angular
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3 TTTT T T T T 60 heat leads to a sudden increase in the radial gradient of
= ol 150 diabatic heating, which, in turn leads to a sharp increase
@ I e | in the strength of the secondary circulatidre. strong
£t //\ /\ 440 7 convergence in the lower and middle layers, strong ascent
T I ~ q 1 ; ?t botg idn']Eerf%ce Ievelds) anr? divergence in the upper layer
N 30— (Fig.5b,d,fand Fig6c,d). The convective parameterization
5 V\ /v W"‘“\,>< = scheme becomes inactive at radii less than about 150 km
= / \j Mt 12> £ after 60 hours and at all radii after about 4 days.

é = f 4 10 The annular region of strong ascent depicted in the
A TV~ A ; right panels of Fig.6 is accompanied by subsidence
Bl e near the centre, indicative of an eye. Even prior to rapid

o0 2 4 6 B8 10 12 14 16 18 20 intensification, a region of strong subsidence has formed.

Time (days) After about three days, however, the region of strongest

. . . _ subsidence is found just inside the ascent region of the
Figure 4. Time series of the difference between the mass fluxes at {

e - . .
upper and the lower level,M f (red contour) and the maximumtangentiaEy,ewaII Wh,ereas the air at the (?entre_ is slowly a_scendlng.
wind speed in the middle layer (blue curve). The periods2LMA and T his behaviour has been described in an analytical study

DY are as defined as in Fig. by Schubertet al. (2007). Another prominent feature of
the vortex evolution is the development of an upper-level
_anticyclone at outer radii after about half a day (see sectio
momentum from the boundary layer and not by the classieat).

spin up mechanism . - e With the onset of RI, the vertical velocity fields show

Pegion (the region outside the “eyewall updraught”), which
AT ; . . "&ccount for adiabatic warming and drying in the middle and
layer within this radius (see Figd) suggesting that any SPMower layers. The subsidence advects also lower values of
up there must be associated with the vertical qdyectiona solute angular momentum from the upper layer into the
angular momentum frqm the boundary layer. This 'nferenﬁﬁddle layer, which accounts for the development of a local
will be affirmed in sectior®. minimum in the tangential wind field after about 6 days (see
. Fig. 5¢). The sudden collapse @44 from 750 km to

5.6. Evolution of vortex structure 280 km after 13 days seen in Fifc can be attributed to
this downward advection process. A study of terms in the

Further insight into the evolution of vortex structure 'Fangential momentum equation presented in secisineds
provided by time-radius plots of various quantities ShOV\ﬁl’Jlrther light into this feature

below. i h f thi k i hat th
Figure 5 shows time-radius plots of the tangential and DUring the course of this work we discovered that the

radial wind speed components in each of the three |aye§1§(face fluxes of sensible and latent heat in calculatiotis wi
Similar plots of vertical velocity at the two interface lésge earlier versions of the present model were unrealistically

relative humidity in the middle and lower layers, and sugfal@r9€. This feature was found to occur because of the
sensible and latent heat fluxes are shown in Bigduring assumption of a well-mixed boundary layer as is made in the

the first 51 h, the vortex intensity increases gradually in §manuel formulations (Emanuel 1989, 1997, 2003, 2012).
three layers, while the radius of maximum tangential winp rémedy this problem we modified the parameterization
speed decreases. For example, in the boundary [Bygy,, Scheme for the surface enthalpy fluxes as detailed in section
decreases from 100 km to about 50 km. The strong moistgré-1 Time-radius plots of surface sensible and latent heat
fluxes at the sea surface that typically increase with wiflxes in the present calculation are shown in the lower
speed and with decreasing pressuead to rapid saturationPanels of Fig.6. Both fluxes increase strongly with wind
of the lower layer (in a vertical mean sense) after only thréB€ed in the inner core and reach maximum values of
hours (see Figéc). Of course, in reality, this tendency fo@bout 240 W i and 1380 W m, respectively. Using
the boundary layer to saturate would be opposed by vertit3@ modified scheme, the maximum values of sensible
mixing through the top of the |ayer by processes invo|vir@'\d latent heat fluxes and the radial distribution of the
shallow convection, which are not represented in the ptesBawen ratio compare reasonably well with those in an
model. observational study by Cioret al. (2000).
The moistening of the inner core in the middle layer
occurs by vertical advection from below. However, even
prior to the occurrence of grid-scale saturation in the neidcb.7.  Outflow layer, upper anticyclone
layer after 51 h, subgrid-scale deep convection leads to
slight warming of the inner core. This warming leadsigyre7 shows time series of the minimum tangential wind
to a moderate strength secondary circulation with lowpeed in the upper layer and the radifis,y:., where it
and middle-level convergence, ascent near the radiusogturs. The upper anticyclone begins to develop after half
maximum tangential wind speed and divergence aloft (sg@jay of simulation. The minimum tangential wind speed
right panels of Figure$ and6). The onset of Rl at 51 h gecreases monotonically to -42.9 m'sand the radius,
occurs when there is grid-scale saturation in the inner c@jgere it occurs increases steadily to 1540 km after 20 days.
of the middle layer (Fig6a). The explicit release of latentrp,o upper anticyclone continues to grow throughout the
simulation and over the 20 days of integration, the vortex
tSee Eq. (9) and recall that increases with decreasing surface pressurdloes not reach a globally steady-state.
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Figure 5. Time-radius plots of the tangential, and radial wind speed componenis,Positive values red/solid, negative values blue/das{@gd. in
the upper layer (contour interval is 5 %), (b) w in the upper layer (contour interval is 1.0 m'9), (c) v in the middle layer (contour interval as in
panel a), (d) in the middle layer (contour interval as in panel b), ey the lower layer (contour interval as in panel a)(fin the lower layer (contour
interval is 5 m s'! (negative values) and 1 nT$ (positive values)). The periods 11, 12, MA and DY are as defias in Fig.2.
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6. Discussion and further interpretation

8 o T ] ]
In this section we examine several important features [ i i ]
we exam : HHTIAT L
of vortex evolution including: the boundary layer spin- Lt
up mechanism; the tangential momentum budget for the -
intensification and decay periods; the (artificial) sourte o o
cyclonic angular momentum resulting from the damping %
of tangential momentum in the far field; and finally the =
ventilation of the boundary layer inflow. g
0 T T T T T T T 71711 2000 ;
1750
] 1500 3
3 &
11250 ¢
1 1000 2 (a) Radius (km)
w50 Fa(r,t) Middle layer
L 500
0 2 4 6 8 10 12 14 16 18 20
Time (days)
Figure 7. Time-series of minimum tangential wind speéd,,;,, in the E
upper layer and the radiug&,,.,,:» , where it occurs. ~
=i
:
6.1. Spinup inthe boundary layer a
To illustrate the boundary-layer spin up mechanism, we
show in Fig.8 time-radius plot of the differenceiv =
v, — v3, between the tangential wind speed component in

the boundary layer and the middle layer together with the
agradient force in these two layers. In contrast to Figs.
5-6, Fig. 8 shows the evolution for the first eight days  (b) Radius (km)
covering the intensification and mature phases of the vortex

The agradient force (per unit masg},, is defined as the Fa(r,t) Lower layer
difference between the local pressure gradient force and th 8 N f o ';"/" TN
sum of the centrifugal and Coriolis forces (per unit mass), 7 % //ﬂ r"/ MA ]
i.e. F, = —(1/p)(0p/dr) + (v*/r + fv). The tangential P H
flow is in exact gradient-wind balanceAt, = 0. If F, < 0, 6 kN N //// 1 7
the flow issubgradientand if £, > 0, it is supergradient ’ et

Consistent with the explanation in sectidrthere is a range
of radii near or insid&R 4. in which the tangential wind
speed in the boundary layer is larger than above @&g.

The behaviour in Fig8 is consistent with the description
in section4. At early times,v, > vs because the initial
tangential wind speed decreases with height (Ka),
but the boundary layer becomes subgradient (except in
localized regions that are indicative of inertia-gravitgwes
generated by the sudden imposition of friction) as seen in
Fig. 8c. After about a day, the flow in the boundary layer
becomes strongly subgradient beyond a radius of about 50 (c) Radius (km)
km. The negative agradient force accelerates air parcels

. - . . . . Figure 8. Time-radius plots of (a) the difference between the tarigent
rapidly inwards in this layer (Figf), with only modest loss wind speed in the boundary layer and the middle layer (coritderval 1

of abso““? an.gwar momentum so that Fhe. flow 'becomﬁ&l, positive contours red/solid, negative contours blugfdds Shown
supergradient in a 20-30 km wide region inside this radiugso is the agradient force in (b) the middle layer (contaterval 1 m s
The inflow then decelerates and turns upwards. Note that (Positive values), 5 m's' h™! (negative values)) and (c) boundary

the region of supergradient winds coincides with the regigﬁr (contour interval 5 ms! h—1). Positive contous red/solid, negative

- tours blue/dashed. The thick black curve in each pati®i20 cm s!
of strong ascent from the.bo_undary layer Into the €YEeWgbhtour of vertical velocity from the boundary layer to thdie layer in
updraught. This region is indicated by the thick black linke eyewall region.
that depicts the 20 cn1$ contour of vertical velocity at the

top of the boundary layer in Figh and8c.
Values of I, in the middle layer are much smaller thaoutside some inner-core region, gradient wind balance

those in the boundary layer (Figc), so that, especially serves as a good approximation. The positive value,of

Time (days)
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within the updraught drives outflow (see Figl) that leads the tangential wind speed is largest in the boundary layer
to a spin down of the layer and thereby to a readjustmésee Fig.8a). Thus, at these radii, the middle layer is

back to gradient wind balance. being fed by angular-momentum enriched air. Fig@be
shows that, in the same annular region, there is an outward
6.2. Tangential momentum budget flux of absolute vorticity in the middle layer, equivalent

to a negative advection of absolute angular momentum.
In order to understand some details of the spin-up and deggyitself, this outward flux would lead to spin down of
processes in the model we investigate now the magnityde tangential wind, but, as shown in Figh, the vertical
of each of the terms in the tangential momentum equatigéivection of tangential momentum from the boundary layer
(Equation?2). First, it may be helpful to recall differentdominates and the vortex spins up. Clearly, the spin-up
forms of the tangential momentum equation. With a fewf the middle layer in the updraught region is a result of
lines of algebra, it can be shown, that these three equatigits upward transfer of higher values of absolute angular

are equivalent: momentum from the boundary layer and not from the radial
5 5 5 advection of absolute angular momentum in the middle
D W s Y D, (14) layer, supporting the ideas articulated by Nguyanal.
ot or  0Oo r (2002), Smithet al. (2009) and Smith and Montgomery
o v (2010). A similar behaviour is found in the second period
— =—-u((+ f)— 66—+ D,, (15) of RI (12, not shown).
ot do It is worth pointing out that the foregoing process of
1M wdM OM D, spin-up cannot occur in time-dependent models that assume
T v e T (16) approximate gradient wind balance in the boundary layer

) , such as those of Ooyama (1969), Emanuel (1997), Frisius
where ¢ = (1/r)(9(rv)/0r) is the vertical component(2006) and Wirth and Dunkerton (2006).
of relative vorticity in the model coordinates. All other

variables have been defined in sectibriThese equationsg 3. Source of cyclonic angular momentum
show that the sum of terms-uwdv/0r —uv/r — fu in
Equation14 is equivalent to the radial flux of abSO|Ut€Figure 9a shows the tangential momentum budget in
vorticity, —u(¢ + f) in Equation 15, and to the radial the outermost quarter of the domain, where Newtonian
advection of absolute angular momentum divided /by damping terms are added to the radial and tangential
i.e. —(u/r)(0M/0r) in Equation (6). The latter equation momentum equation in order to diminish the reflection
shows that in regions where diffusion is negligible, tyflica of disturbances that reach the outer boundary (see section
above the boundary layef)M /Dt =0 so that absolute 2.2.9). It is seen that Newtonian damping is the dominant
angular momentum is materially conserved. term beyond- = 2250 km and makes a positive contribution
Figure9 shows radial profiles of all contributions to theg spin up. While the damping terms are necessary for
tangential momentum equation in all three layers during the@merical reasons, the damping term in Elgl) (fepresents
first period of RI. Panel (c) shows that the vortex spin-up i artificial source of cyclonic angular momentum as noted
the boundary layer occurs predominantly by the inward flisy Smith et al. (2014a). The subsequent decay of the
of absolute vorticity (equivalent to the inward advectidn @ortex in the present calculations indicates that this saur
absolute angular momentum). Another positive contribbutigf cyclonic momentum is not large enough to maintain a
to Jv/dt is the vertical advection term with a magnitude thaflobally steady state.
is less than half of that of u(¢ + f). The foregoing finding prompted us to revisit the solutions
In regions wherey, > v3 and the flow is upwards, i.e.presented in Smitket al. (2011) in which the solutions
(6 < 0), —60up/do is positive (see Figda). Significantly, appeared to have become steady at least in terms of
the radial diffusion term is strongly negative betwees 1V, . and at least up to 12 days. Further examination
40 and 80 km with a magnitude that is comparable witlpf these solutions showed, however, that they were not
that of —u(¢ + f). Surface friction, a dominant term in theglobally steady at this time and, as in the case here, the
boundary layer, becomes very large also in the inner corei@iper anticyclone continues to evolve during the whole
account of the high wind speed near the eyewall. Of coursgnulation.
the sum of all terms is positive during RI. It is perhaps worth pointing out that, in the present
Panels (b) and (c) of Fig9 show that at radii less calculations, the Newtonian damping term only represents
than 40 km, the spin-up tendency is dominated by t@&ourceof angular momentum in thepperlayer where the
radial diffusion of tangential momentum from the eyewalflow is anticyclonic. In the middle and lower layers, the flow
while at radii between 80 and 150 km, diffusion makes acyclonic everywhere whereupon Newtonian damping acts
important contribution to spin up also, both in the lowefs a sink of angular momentum there.
and middle layers. Since radial diffusion in the model
is implemented principally to control numerical aliasing 4. Ventilation
and has little physical basis, we resist making physical
interpretations involving the role of radial diffusionBoth during the first and second RI periods (11 and 12) the
especially in an axisymmetric model. Indeed, moradially-integrated vertical mass flux at the top of the ntedd
sophisticated three-dimensional simulations of tropidalyer is smaller than that at the top of the boundary layer
cyclone behaviour indicate that “eddy momentum transfggee Fig.4). As discussed in sectidh.5, in this situation,
is not even downgradient in the inner core region of thike eyewall updraught is not able to ventilate all the mass
storm (Persingt al. 2013). flux expelled from the boundary layer. Thus the air in the
It is significant that the strong upward motion from theiddle layer is constrained by mass continuity to move
boundary layer to the middle layer occurs at radii wheradially outwards in the updraught region, implying a spin
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I Lower layer Figure 10. Radial profiles of the contributions to the tangential motaem
20 T T T ] equation during the decay phase in the inner-core regioa)dhgé middle
g R 1 layer and (b) the boundary layer. Curves 1 - 4 denote the ibotitns
N [ . ] from the radial flux of absolute vorticity<{u(¢ + f), curve 1), vertical
A 10 [, ] advection (5dv/do, curve 2), contribution td,, from radial diffusion
I - 1 (curve 3), and contribution t®,, from surface friction (curve 4). Curve 6
w Z - Ay — ] denotes the sum of all these termes, the tendency ob, dv/dt. Note the
g 0 \ £ / £ 4“ T different scales in each panel.
= A :
~. -10 F = - I .
> AR 1 there. The contribution from the radial flux of absolute
~ \/ 1 vorticity is still positive and shows two local maxima at
ol about 10 and 120 km, which leads to a weaker decay rate
0 50 100 150 =00 between these radii and thus to the development of two
(c) Radius (km) local maxima in the tangential wind field of the boundary

layer (see Fig5e). In the middle layer, spin-down occurs
predominantly by the outward flux of absolute vorticity on
account of conservation of absolute angular momentum.
For radii between 100 and 180 km, the vertical advection
term is still positive, although it is too small to outweigh
the terms that contribute negatively to the absolute amgula
momentum budget. Nevertheless, the positive contribution
from the vertical advection term to the angular momentum
budget weakens the rate at which the vortex decays at these
radii (see curve 6) and explains the development of two
local maxima in the tangential wind field of the middle layer

down tendency. However, the inner-core vortex spins &spee Fig 5c).

during this phase. We have shown above that the inngrg
core vortex in the middle layer during Rl period I1 is™

spun up by the upward transfer of high of absolute anguiife foregoing results support the modified picture of vortex
momentum from the boundary layer and not by the inwaggtensification shown in Fig. 13d of Montgomery and
flux of absolute vorticity. This spin-up mechanism occuksmith (2014) and described in sectidn An important
also during period 12 (not shown). component of intensification is the formation of a region
Figure10shows similar profiles to Figdb and9c during of supergradient winds in the inner-core boundary layer and
the decay phase. Surface friction has become the domirthstvertical advection of this high tangential momentum to
term in the boundary layer and leads to gradual decgyin up the air in the eyewall. The analyses presented in

Figure 9. Radial profiles of the contributions to the tangential motaen
equation during period 11 (a) in the far field of the upper fagead in
the inner-core region in (b) the middle layer and (c) the ltzum layer.
Curves 1 - 4 denote the contributions from the radial flux ofcéie
vorticity (—u(¢ + f), curve 1), vertical advection-(sdv/da, curve 2),
contribution toD,, from radial diffusion (curve 3), and contribution 0,

from surface friction (curve 4). Curve 5 in panel a shows thieticbution
from the Newtonian damping term in the last quater of the don@urve
6 denotes the sum of all these termes, the tendency ob, dv/0t. Note
the different scales in each panel.

Modified intensification paradigm
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section6 highlight the dominance of this vertical advectio@. Conclusions
in spinning up the eyewall, since in the minimal model, the
radial flow in the eyewall updraught is outwards, even in thWde have developed an improved version of a minimal
middle layer, and the radial advection of absolute angutappical cyclone model and used it to investigate some
momentum would lead there to spin down. Neverthele$sndamental aspects of tropical cyclone behaviour. The
there is radial inflow in the middle layer somewhat outsideprovements include a modified representation of surface
the eyewall and this leads locally to spin up and therebyeathalpy fluxes, making the fluxes more realistic in relation
an expansion of the outer tangential circulation (cf. Kilroto recent observations. They include also a more realistic
et al. 2015). As explained by Kilrowet al., this expansion relaxation time scale for potential temperature and a
of the outer circulation can lead through boundary-laymodified horizontal diffusivity based on a biharmonic
dynamics to a further spin up of the inner-core winds hamping term. With these improvements, the vortex
the boundary layer, which in turn would further spin up thatensity did not become steady during a 20 day integration
eyewall. The proviso “can lead” is because, as explainedohthe model. In fact, after going through a mature phase in
Kilroy et al,, the thermodynamic processes in the boundampich the maximum tangential wind speed remained quasi-
layers must act favourably to support the intensificati@teady for a few days, the vortex ultimately decayed. Even
process. Figurell shows a schematic of the secondaguring the mature stage, the upper anticyclone continued
circulation during the two RI phases in the current modtsl evolve and a global steady state was never achieved.
based on the flow evolution shown in Figsand6 together This finding is consistent with recent studies using more
with the profiles of tangential wind tendency shown in Figophisticated numerical models.
9. The calculation highlights the pivatol role of the
The classical spin up mechanism associated with theundary layer in spinning up the tangential winds in
radial inflow of absolute vorticity in the middle layetthe eyewall updraught. The spin up in the boundary
operates outside of the eyewall updraught (the region Byer is associated with the development there of
in the figure). In the eyewall region (the region AB), theupergradient winds. The spin up of the eyewall updraught
spin up is associated entirely with the vertical advectibn @ccurs by the vertical advection of the high tangential
enhanced tangential momentum from the boundary lay@@mentum associated with the supergradient winds in the
Here the radial flow in the middle layer is outwards seoundary layer. These boundary layer and eyewall spin up
that the radial advection of absolute angular momenti¢chanisms, while consistent with some recently reported
makes a negative contribution to spin up. In a continuo{@sults, are not part of the classical theory of spin up.
model, the secondary circulation above the boundary layetn the eyewall updraught, the flow is outwards (typifying
is approximately along\/-surfaces, which slope radiallythe outward slope of the eyewall) so that the radial advectio
outwards with height. However, to have spin up, the flo@f absolute angular momentum (or radial flux of absolute
must have a component acrods-surfaces. Specifically, vorticity) makes a negative contribution to spin up in this
spin up requires that th&/-surfaces move in a directionregion. However, there is inflow in the middle layer at larger
opposite toVM so that radial outflow, by itself, need notadii where the classical mechanism operates to spin up
necessarily imply spin dowinIn the three-layer model, thethe tangential winds. Based on the results of Kilegyal.
M-surfaces are, of course vertical in each layer so tHaP15), the spin up at large radii, where the flow in the

outflow does imply a spin down tendency. boundary layer is subgradient, may pe expepted to lead
to a feedback on the inner-core vertical motion through

Lid 2t 100 mb boundary-layer dynamics.
15 7 : While one cannot expect the minimal model to be
. ) realistic in every detail, we believe that the degree ofiseal
/ ‘ makes it useful as a tool for investigating many fundamental
K aspects of tropical cyclone behaviour.
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Figure 11. Schematic of the secondary circulation in the three layedteho

during the periods of rapid intensification. The heights e different
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