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1 Introduction sea, make tropical cyclones a particularly interesting and
challenging scientific problem to understand. Practicatco
Tropical cyclones are fascinating large-scale, organizegierations, such as saving human life and property in the
convective vortices that continue to hold many scientifffath of these storms are another important driving factor
secrets regarding their birth, intensification, maturel®voin the quest for knowledge about them. Atlantic Hurricane
tion and decay. These moist convective vortices comprisgndy (2012) is a reminder that even tropical storms (max-
arguably all facets of classical fluid dynamics ranging froffhum near-surface wind speed 32 m s!) can wreak
the microscale flow in and around small droplets, the cagavoc on populated coastal communities, maritime assets
lescence of smaller droplets into larger ones, precipitatignd even inland populations (elgussier et al. 2016 As
and evaporation processes, to the larger scales of buoyalstal communities continue to grow in tropical cyclone
thermals in a rotating environment, their aggregate effegffected regions, there is an increasing demand for more
on the vortex Circulation, and to the even Iarger scale éﬁcurate tropica] Cyc]one forecasts.
vortex waves and eddies, such as inertia-buoyancy waves, Tnere are two main aspects of the forecasting prob-

vortex Rossby waves, eyewall mesovortices and their intgfiy, The first is to forecast the storm track, and the second
action with the vortex gircqlation.The large Reynolds nunks 4 forecast its intensity, characterized typically by th
bers of these flows implies that turbulence of the Kalyayimum near-surface wind speed. Track forecasts have
mogorov kind will be an element at the small scales, bylhrqveqd significantly in the past 25 years, but progress
the presence of strong, spatially variable, vertical fofat i, “iytensity forecasting has shown comparatively little

in these systems suggests that quasi-two dimensional f%%rovement DeMaria et al. 2005Rogers and Coauthors

dynamics and its associated turbulence phenomenologyy gecause the track depends mainly on the large-scale

should be an important element also with modifications djg,, in which the vortex is embedded. the improvement in
tq tf:le pr:eserz;_:e of d_eepln:lr(?]lst conV(_ectlon, Wh'chf's 'nt_”ﬁ'éck forecasting may be attributed largely to the improve-
sically three-dimensional. The more intense manifestatiqn e iy the representation of the large-scale flow around

of thelse vortices (maX|_mum ngar-surface V‘_"nd speetd the vortex by global forecast models. In contrast, the inten
m s ') are called hurricanes in the Atlantic and Eastegr

o . . ity appears to depend on processes of wide ranging scales
rPeaé?glr? basins and typhoons in the Western North Pac kﬁ()ajmning many orders of magnitude as noted above.

Although flow speeds are well below the sound speed Because (.)f the challenges of forecasting tropigal
(typically < 100 m s-1), non-conservative effects prin_cyclone intensity change, the problem of understanding

: ) . I h8W intensity change occurs has been at the forefront of
cipally associated with friction at the ocean surface and . ; : :
! : ropical cyclone research in recent years, especiallyén th
wind-forced transfer of moisture and heat from the warm . e
context of the rapid intensification or decay of storms.
. These challenges are motivated by the recent instigation
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2 M. T. MONTGOMERY AND R. K. SMITH

(NOAA) and other U. S. Government agencies to coordiylindrical polar coordinatesy, A, z). The rotation of the
nate hurricane research necessary to accelerate impr&aeth is incorporated by the addition of Coriolis and cen-
ments in hurricane track and intensity foreca&sl( et al. trifugal forces in the usual mannesi{l 1982; Holton 2009
2013. and, because of the relatively limited horizontal scalédef t
There have been significant advances in understandiragpical cyclone circulation, the rotation rate is assuned
tropical cyclone behaviour since the earlier reviews of the independent of latitude (i.e., a so-calleglane, where
topic by Emanuel(1991) and Chan (2009 and the field f is the Coriolis parameter given hfy= 2Q sin ¢, Q is the
has broadened significantly. As a result, a comprehendBaath’s rotation rate, angdlis latitude). The governing equa-
review of all fluid dynamical aspects is not possible itions are:
the space available to us. For this reason we have chosen

to focus on the dynamics and thermodynamics of thedu , du v du w@_v_z Ly 0P
vortex when viewed as a coherent structure with embeddedt or  rod\ 0z r p Or "
substructures. To begin, for those readers working in other Q)
fields, we review briefly in sectio the equations of v, dv  vov = Ov  uv fu = _Lop g
motion and some other basic concepts involving zero-ordét or  ro\ 0z pr O\ o
force balances, moist thermodynamics and deep convective 2)
clouds in a rotating environment. This material provides a 2% ua_w vow wa_w — _1op g+F., (3
reference for much of the later discussion. Some readers9? Or T OA 9z p Oz
may wish to skip this section.

In section3 we survey progress that has been made % + %8?;“ %% + (95;:) =0, (@)
in understanding tropical cyclone intensification andctru
ture from the perspective of the prototype intensification 00 00 v 0b o9 .
problem, which considers for simplicity the spin up of an o ey Trax TV T 0+ Fo, )
initially balanced, axisymmetric, cloud-free, conditably- 1
unstable, baroclinic vortex of near tropical storm stréngt p=p«m= " /(RO) (6)

in a quiescent tropical environment on #rplane. Here, whereu, v, w are the velocity components in the three coor-
paradigms for vortex intensification including emerginginate directionsg is the potential temperaturé, is the
ideas pointing to the importance of boundary layer contigpatic heating ratél /c,7) Dh/Dt, h is the heating rate
in vortex evolution are discussed. In sectidnge examine per unit mass expressed as Jkgs™t, 7 = (p/p.)"~ is
more deeply the role of cloud-generated vorticity in SUghe Exner functionp the pressurey the effective gravi-
porting vortex spin up. Progress in understanding matysgonal force per unit mas® the specific gas constant for
vortex intensity is reviewed in sectiGand the steady-statedry air, ¢, the specific heat at constant pressure; R/c,
problem is reviewed in sectidh The conclusions are givengng , = 1000 mb is a reference pressure. The tempera-
in section. _ ture is given by’ = 76. The terms(F,., F, F.,) represent
Because of space constraints, we are unable revightesolved processes associated with turbulent momentum
aspects of vortex motion, vortex Rossby waves and thgifiysion. In the case of numerical models, these terms
contribution to vortex resilience, nor the early stages Qﬁecifically represent a divergence of sub-grid scale eddy
storm formation. For the same reason we cannot addrggsinentum flux associated with unresolved processes such
topics such as: the interaction of storms with ambient vejs ¢onvection for a model that cannot resolve clouds and/or
tical shear; helicity; secondary eyewall formation; oceggctional stress at the lower surface and related mixing pr
feedback _effects; the interaction with neighbouring weath.qsses in the frictional boundary layer. Similady, repre-
systems including fronts and upper troughs; the exXti@ns the effects of turbulent heat transport (again possi-
tropical transition when storms move into the middle layy, incjuding those associated with convection for a coarse
tudes; cloud microphysics; boundary layer rolls; wind wayggqution model). The foregoing equations comprise the
coupling; and details of the surface layer (or emulsiqfree components of the momentum equation, the conti-

layer). nuity equation, the thermodynamic equation and the ideal
gas equation of state, respectively. In the foregoing equa-
2 Preliminaries tions, the traditional approximation is made of neglecting

. . . the horizontal component of the earth’s rotation rate and
To provide a common frarr_lework _for this review, W8ther metric terms associated with the approximate spheric
present the equations .Of motion pertinent to understandwgof the Earth that are small on account of the limited
tropical cyclone behaviour. horizontal scale of a typical hurricane vortex compared to

) ) o ) the mean radius of the Earth. In the above equation set, it

2.1 The equations in cylindrical polar coordinates is assumed that the origin of coordinates is located at some
Because an intensifying tropical cyclone exhibits sonseitably defined vortex centre.
degree of circular organization (though not axially symimet  In moist flows, the equations need to be supplemented
ric), itis advantageous to express the equations of matiorby tendency equations for the water vapour mixing ratio,
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FLUID DYNAMICS OF TROPICAL CYCLONES 3

¢v, and of various species of water substance, whifethe u is the transverse velocity vectofu,w), and g =
equation of state must be replaced by the virtual potentiél, 0, —g) is thegeneralized gravitational vectoihe vec-
temperatureq,. tor quantity on the right-hand-side dd)(is the agradient
forceand the terngy’ /p is thegeneralized buoyancy force
Equation 9) shows that lighter air parcels than the local
density associated with the balanced vortex (ieé<< 0)

For adiabatic frictionless flow [=0, (F,,F\,F,) = &€ positively buoyant in the vertical and have an inward

(0,0,0)], Egs. (1) - (5) have a solutiony(r, z), for a steady component of generalized buoyancyn(ith etal. 2005
freely spinning vortex in which andw are identically zero Although the radial component of the generalized gravita-
andu(r, z) is an arbitrary function of andz. Such a vor- tional vector is small compared to the vertical component
tex is in gradient wind balancd(1/p)(dp/dr) = C] and In tropical cyclone vortices, the effect of the radial compo
hydrostatic balancd—(1/p)(9p/dz) = —g], where ¢ = nentof the generalized buoyancy force by itself is to move
v2/r + fvisthe sum of the specific centrifugal and Corioli@U0yant plumes inwards. In actual fact, however, the inner-
forces. The ratio of centrifugal to Coriolis forces is a eort CO'€ Cloudsttilt outwards so that the radial componeiof

Rossby numbetRo = v/ fr. Near the radius of maximummust be dominated by the perturbation pressure gradient,

tangential windRo is of order unity for a tropical depres-Which is generally directed outwards.

sion strength vortex and can be as large as several hundred

for a mature hurricane or typhoon. 2.4 Absolute angular momentum and centrifugal stability
Multiplying the gradient wind and hydrostatic balancgy,, isjication of Eq. @) by and a little manipulation leads

equations byp and cross-differentiating to eliminate the, 4 equation

pressure leads to the thermal wind equation

2.2 Solution for a freely-spinning vortex

8_M_|_ 8_M_|_28_M_|_ 8_M—_1@_|_7~F (]_0)
810gp+§510gp:_l@ @) ot “or Trox oz T pox o

or g 0z g 0z’

whereM = rv + %fﬁ is theabsolute angular momentum
This first-order linear partial differential equation rels per unit masf an air parcel about the rotation axis. For
the logarithm of densityog p(r, z) (or equivalentlylog#) axisymmetric §/0\ = 0) and frictionless £ = 0) flow,
to the vertical gradient of” and hence the vertical sheathe right-hand-side of1() is zero andM is materially
of the swirling wind. The characteristics of the equatiatonserved as rings of air move radially and vertically.
satisfydz/dr = C'/g and are just the isobaric surfaces. For The freely-spinning vortex solution of sectidh?2
further details, se&mith (2006 2007). is stable to small, axisymmetric radial displacements if
the localinertial (centrifugal) stability parameteri? =
(1/r*)0M?/0r, is positive. The quantity? is a measure
of the inertial stiffness of the vortex and is analogous to
A scale analysis of the equations of motion for a tropibe static stability parameterN? = (g/6)(df/dz), which
cal cyclone vortex having a characteristic height-to-widis @ measure of the resistance to vertical displacements
aspect ratio squaretH /L)% much less than unity showgn @ stably stratified fluid Holton 2004 p 54). Tropi-
that except near the surface and in the upper troposph€&fé,cyclones generally have/-distributions that increase
the primary (tangential) circulation of a mature hurricarf@onotonically with radius in the bulk of the troposphere
is approximately axisymmetric and in gradient wind arl§-9- Franklin etal. 1998and are therefore centrifugally
hydrostatic balance (i.e. the underlined terms in Eqj. gtable. Even if stable to radial and vertical displacements
and @)). Accordingly, the freely-spinning vortex solutiorin€ vortex may be unstable to displacements in other direc-
of section2.2 represents a meaningful zero order approf|ons, a condition known as symmetric instability (e.g.
mation for the bulk vortex. It is then useful to enquire abogi1apiro and Montgomery 1983
the imbalance of forces in the meridional z) plane, the
so-calledagradient force F,. Defining density and pres-2.5 Moist deep convection
: ] ; .

iSnUngLrlJaer:friL;irgstilr(])?ri d?/?i]r)n ’iCrzj:;t;;/;;sc;Zesf;ge;pgggn%ignifi_cant w_eather over the tropical oceans is generally
above,pp(r, ) andpr(r, 2), the inviscid form of Eqs. 1) associated with thunderstorms or clus_ters of thundersiprm
and (3),may’ be written iﬁ véctorform' ) that may be part of larger scale circulations. Tropical

) cyclones are the end stage of a few of these storm clusters.

2.3 Zero order force balances and the agradient force

D Thunderstorms are manifestations of deep moist convec-
u . . . . .
D = Fa, (8) tion, which from a fluid dynamical perspective has proper-
ties that differ in important ways from those of dry convec-
where tion (Emanuel 199% An understanding of the dynamics
1—, of tropical cyclones rests to a considerable extent on an
Fa= _;Vp + g;, ©) understanding of deep convection, which for space reasons
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4 M. T. MONTGOMERY AND R. K. SMITH

cannot covered here. For in-depth discussions of moist connvection is maintained by appreciable moisture fluxes
vection, the reader is referred to texts Bynanuel(1994 at the ocean-air interface, which sustain a conditionally-
andHouze(2014). unstable thermodynamic environment.

In a recent review paperviontgomery and Smith
(2014 examined and compared the four main paradigms
that have been proposed to explain tropical cyclone inten-
When buoyant convection occurs in an environment wigffication in theprototype problem for intensificatiofsee
non-zero vertical vorticity, the convective updraughtsection1). The four paradigms include: (1) the CISK
amplify the vorticity by the process of vortex-tubgaradigm; (2) the cooperative intensification paradigi; (3
stretching (e.g.Julien et al. 1996Hendricks et al. 2004 a thermodynamic air-sea interaction instability paradigm
Wissmeier and Smith 201 Kilroy and Smith 201% Typ- (widely known as WISHB); and (4) a rotating convec-
ically, the vorticity may be amplified by between 1 and gon paradigm (se&lontgomery and Smith 201fr refer-
orders of magnitude on the scale of the cloud updraughigces).

While the updraught strengths are generally much weaker The first three paradigms assume axisymmetric flow
than in mid-latitude supercell thunderstorms, as are tiout the rotation axis and therefore no azimuthal eddy
associated local tangential wind components (see @d&ims. This axisymmetric configuration with its attendant
Klemp 1987 Rotunno 201§ the presence of these vortiphenomenology of axisymmetric convective rings has cer-
cal cores would appear to be important in the genesis aagh intrinsic limitations for understanding the intensifi
intensification of tropical cyclones. tion processRersing et al. 20)3which, as noted in section

The role of rotating deep convective clouds 6is quite asymmetric at the cloud scale. As discussed in
and their aggregation in the amplification of th&lontgomery and Smiti2014), the CISK paradigm has a

larger-scale vortex has been the subject of recent numgimber of well-known issues and it will not be discussed
ical and theoretical investigations Héndricks et al. here.

2004 Montgomery et al. 2006b Nguyen etal. 2008

Shin and Smith 20%4Fang and Zhang 201 Braun et al. . L )

201Q Gopalakrishnan etal. 2011Schecter 2011 but 3.1 The cooperative intensification paradigm

questions remain about the quantitative importance \What might be regarded as the classical view of tropi-
the enhanced vorticity within the clouds themselves. Wg| cyclone intensification, the cooperative intensifimati

2.6 Rotating deep convection

explore these issues further in sectibn paradigm, emerged from a simple axisymmetric model for
intensification formulated bypoyama(1969. It assumes
2.7 Buoyancy in rapidly rotating fluids that the broad-scale aspects of a tropical cyclone may be

) ) represented by an axisymmetric, balanced vortex in a sta-
Aircraft reconnaissance measurements have shown f\gtsiratified, moist atmosphere. Balance means that the
the eye of a mature tropical cyclone is the warmest plgggmary circulation is governed approximately by the ther-
in the_ storm, warmer indeed than fthe eyewall cloudss wind equation obtained in sectich?, even in the
(Hawkins and Rubsam 1968 Hawkins and Imbembo yresence of non-conservative forcing processes such-as dia

1979. From a fluid dynamics perspective, the questifyiic nheating and friction, which tend to drive the flow

then arises: are the eyewall clouds buoyant? The balanggd from balance. Under such circumstances, the stream-

vortex, itself, hasystem buoyanay the traditional sensenction for the axisymmetric, secondary (overturning) ci
when the reference density is set to that of the far figl§|ation required to maintain balance satisfies a second-
environment. However, the eyewall clouds are not buoyaibier partial differential equation, the so-called Sawyer
in the vertical in the traditional sense because air parcgif;ssen equation. The traditional vortex balance equoatio
rising in the ey_ewall have temperatgres less than thoseyja gpiained from EqsL)-(6) by retaining the axisymmet-
the eye (one side of the cloud “environment’)! As showfe. jimit of Egs. ) and 6) together with the simplified

by Smith etal. (2009, the issue is resolved when ongqyations given by the underlined terms in EG3. ) and
defineslocal buoyancyrelative to the density d|str|but|on(4)_ SeeMontgomery and Smit(2014) [pp39-41] for fur-

of the axisymmetric balanced vortex as in sectoB ther details.
The cooperative intensification paradigm was
3 Tropical cyclone intensification and structure explained succinctly bypoyama(1969[p18]: “If a weak

cyclonic vortex is initially given, there will be organised
Tropical cyclones are generally highly asymmetric duringpnvective activity in the region where the frictionally-
their intensification phase and only the most intense storimduced inflow converges. The differential heating due
exhibit a strong degree of axial symmetry and, even theo, the organised convection introduces changes in the
only in their inner-core region. Observations show thptessure field, which generate a slow transverse circulatio
rapidly-developing storms are accompanied by “bursts” of
deep moist convection, presumably driven by significat¥ongitional Instability of the Second Kind.
local buoyancy (e.gHeymsfield etal. 2001 The deep 2wind Induced Surface Heat Exchange.

Copyright(© 2016 Meteorological Institute TCRR1: 1-24 (2016)



FLUID DYNAMICS OF TROPICAL CYCLONES 5

in the free atmosphere in order to re-establish the balatmeal asymmetric features of the developing vortex. The
between the pressure and motion fields. If the equivaleonvective updraughts greatly amplify the vertical vortic
potential temperature of the boundary layer is sufficientity locally by vortex-tube stretching and the patches of
high for the moist convection to be unstable, the transveesghanced cyclonic vorticity subsequently aggregate to for
circulation in the lower layer will bring in more absolutea central monolith of cyclonic vorticity. An azimuthally-
angular momentum than is lost to the sea by surfamesraged view of this paradigm constitutes an extension
friction. Then the resulting increase of cyclonic circidat of the cooperative intensification paradigm in which the
in the lower layer and the corresponding reduction bbundary layer and eddy processes can contribute posi-
the central pressure will cause the boundary layer infldiwely to producing the maximum tangential winds of the
to increase; thus, more intense convective activity wilbrtex.

follow.” An appraisal of this paradigm was presented by In the context of the rotating convection paradigm, an
Montgomery and Smit{2014) [pp45-46] and an exten-important question arises as to whether there are important
sion thereof is discussed in sectiBm. Presumably, the differences between three-dimensional tropical cyclones
conclusion that “more intense convective activity wiknd their purely axisymmetric counterparts? A hint that
follow” is related to the closure scheme adopted for hisere may be follows from a finding bByloeng et al(2004)
representation of deep convectipwhich assumes that allof an excessive convective entrainment rate in a two-
the air that converges in the boundary layer is ventilatdanensional planetary boundary layer with vertical shear
by the eyewall convection given that some degree rmative to a three-dimensional model. Their results sagge
instability is maintained. a hypothesis that in the tropical cyclone context, axisym-
metric convection occurring in concentric rings is likeavis

. overly efficient in generating buoyancy fluxes compared to
3.2 The WISHE paradigm three-dimensional convection in isolated thermals, tere
The WISHE paradigm for intensification is based on theading to excessive condensation heating and an overly
idea of an air-sea interaction instability comprising a-pospid spin-up. Support for this hypothesis was obtained
tulated multi-step feedback loop involving, in part, they Persing et al(2013 in explicit comparisons between
near-surface wind speed and the evaporation of water frthree-dimensional and axisymmetric simulations of tropi-
the underlying ocean, with the evaporation rate beingcal cyclones.

function of wind speed and thermodynamic disequilib- Before reviewing the salient features of the rotating
rium (Emanuel et al. 1994Emanuel 19972003 2012. convection paradigm and its azimuthally-averaged view in
A schematic of this feedback mechanism is shown detail, it is first necessary to review the dynamics and
Montgomery and Smiti{2014 (Fig. 6). In some subcir- thermodynamics of the frictional boundary layer.

cles, however, the term “WISHE mechanism” is being used

more loosely as simply the bulk-aerodynamic transfer gfy Boundary layer dynamics

moist enthalpy from the ocean to the atmosphere by the

local prevailing winds. When used in this way, it does ndte boundary layémplays an important role in the dynam-
constitute a mechanism of vortex intensification. While tfes and thermodynamics of tropical cyclones and is an
WISHE mechanism viewed as a feedback loop is widedpsential component of all the paradigms for intensificatio
held to be “the explanation” as to how tropical Cyc|oné§ferred to above. A brief review of the essentials is neces-
intensify, it has been shown that when the mechanismS&Jy here to discuss these paradigms further (see sections
suppressed in models by capping the wind speed dep&®-and3.6).

dence of the heat fluxes, the vortices still intensify. There ~ Reinforced by the situation in many simple fluid flows,
fore the mechanism is unnecessary to explain intensifi#glere the boundary layer is one in which the flow speed
tion in the prototype problem, but the simulated vortices d® reduced by friction to below the free stream value
become stronger when the wind-speed dependence of(fféhlichting 196§ it has been widely (and reasonably)

heat fluxes is retained/ontgomery et al. 2002015. assumed that friction acts everywhere to reduce the wind
speed in a tropical cyclone (sééontgomery and Smith

) ) ) 2014 p56). However, the maximum tangential wind speed
3.3 The rotating convection paradigm in a tropical cyclone is found to occur within the inner

The rotating convection paradigm recognizes the pré§ye boundary layeZhang et al. 20G1Smith et al. 2000
ence of localized, rotating deep convection that gro\,\'l,'gle reasons for this surprising behaviour were anticipated
in the cyclonic rotation-rich environment of the incipierfond ago byAnthes(1972 and further elucidated bgmith
storm, structures that are intrinsically three-dimenalon(2003, Smith and Vog(2008§ andSmith et al(2009).

The paradigm recognizes also the stochastic nature of deep

convection, which has implications for the predictabitify *Loosely defined, the frictional boundary layer is a surfaesed layer in
which the effects of the turbulent transfer of momentum ® shrface
are important. Issues surrounding attempts to define tlyier lanore
3Alternative closures in a minimal tropical cyclone modeg discussed precisely are discussed ®mith and Montgomery2010); Zhang et al.
by Zhuet al. (2001). (2011); Kepert et al(2016 andAbarca et al(2015).
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6 M. T. MONTGOMERY AND R. K. SMITH

As a preliminary for understanding the role of th8.5 Spin down, spin up and an extended cooperative
boundary layer and the surprising behaviour referred to intensification paradigm

above, it is insightful to consider the spin down of thg friction were the only effect acting on a vortex, the
freely spinning vortex discussed in secti@r. A scale poundary-layer would induce radial outflow in a layer
analysis of the momentum equation¥-(3) for a boundary above it and the vortex would spin down as air parcels
layer in general indicates that the pressure gradient isrcenove to larger radii while conserving their absolute angu-
transmitted approximately unchanged through the boutal- momentum. This mechanism of vortex spin down was
ary layer to the surface (see, eJpnes and Watson 1963 articulated byGreenspan and Howa(d963. If the air in

In the case of a balanced vortex, the free stream presdhfevortex is stably stratified (as in a tropical cycloneg, th
gradient per unit mass is just the sum of the centrifugal av@gftical extent of the outflow will be restricted by the stai
Coriolis forces () (section2.2). Beyond some radius out-Stability. Clearly, for a vortex to spin up, there must be

side the radius of maximum gradient wind,is reduced some mechanism to produce strong enough iniiave

in the boundary layer because of the frictional retardatighe boundary layeto reverse the outflow that would be pro-

; ) . uced there by the boundary layer alone. The only physi-
of the tangential windp. Thus the radial component Ocally conceivable process capable of producing such inflow

agradient forcg ., is negative and, becausalecreases ;, a tropical cyclone is the collective effect of buoyantplee
towards the surfacef,, has maximum magnitude at the,snyection in the inner region of the vortex as envisaged in
surface. At these outer radii, the boundary layer flosuls- e cooperative intensification paradigm (secBob). Typ-
gradientand the negative agradient force (the radial congally, a region of deep convection produces an overturning
ponent of the first term on the right of EQ)) generates circulation with inflow towards it in the lower half of the
inflow in the boundary layer with the largest inflow nearoposphere and outflow in the upper half. Put another way,
the surface. for the vortex to spin up, the convective mass flux must
) _ be more than strong enough ventilatethe mass that is
As air parcels converge in the boundary layer, th@ynyverging in the boundary layer, thereby overpowering the
lose absolute angular momentund, to the surface. How- tendency of the boundary-layer to induce outflow above it.
ever, if the rate of loss of\/ is sufficiently small, i.e. In the early stages of tropical cyclone intensification,
less than the rate of decrease in radius, the correspomtien the primary circulation of the vortex is comparatively
ing tangential velocity (given by = M/r — 1 fr?) may weak, the boundary-layer induced inflow and outflow will
increase so that at some inner radii, the tangential wibg weak and the secondary circulation will be dominated
speed in the boundary layekceedshe local value above Py the convectively-induced inflow throughout the lower
the boundary layer. We refer to this process as the bouH@Posphere. Above the boundary layer, where to a first
ary layer spin up mechanism. At such radil,. > 0 and approximationM is materially conserved, the vortex will

the boundary-layer flow isupergradientThen, all forces SPIN UP. In these stages, the flow in the boundary layer is

in the radial momentum equation are outward and t%gely sut_)gradient. However, as the p””?ary circulation
o . . Increases in strength, the boundary-layer induced conver-
radial inflow rapidly decelerates, leading to upflow at t

t the bound | h he b ence will progressively increase, ultimately leading to a
top of the boundary layer. For these reasons, the bouig, ;1 of the maximum tangential winds within the bound-

ary layer exerts a strong control on the radii at which thgy |ayer as described above. Moreover, the convectively-
inflow turns up into the eyewall clouds (see e.g. sectifjuced inflow may become progressively unable to oppose
3.8). Observational support for the occurrence of the magre low-level outflow induced by the boundary layer; i.e,
imum tangential wind within the boundary layer is prothe convection will become less able to ventilate the mass
vided by Kepert(2006ab); Bell and Montgomery(2008; converging in the boundary layer, thereby slowing down or
Montgomery et al.(2014 and Sanger et al(2014). Sup- reversing the rate of intensification of the vortex.

port for the boundary layer spin up mechanism is pro- Apartfromthe boundary-layer spin up mechanism and
vided by numerical model studies in idealized axisynfS consequences, the foregoing processes broadly consti-
metric (Nguyen et al. 2002Schmidt and Smith 20)%nd tute the cooperative mtensmcat!on paradigm as art|edl_at
three-dimensionalgmith et al. 2009 Persing et al. 2013 Py Ooyama1969. Panel (a) of Figuré shows a schematic
Abarca and Montgomery 201%hang and Marks 2035 of the extended cooperative intensification paradigm,avhil

configurations and in numerical simulations of real casB%nel (b) highlights the low-level secondary flow feed-

L . INg into the eyewall of the vortex. These schematics
(Zhang et al. 200)L The mechanism is not found in mOdIelre consistent with the azimuthal average of fully three-

els t_hat use an overly diffusive boundary layer schemgnensional solutions of the governing fluid dynamical

(Smith and Thomsen 20}.0 equations (e.gSmith etal. 2009 and with observations
(e.g-Montgomery et al. 2014

5As we have defined it, the agradient force is a measure ottlee- . ’IA SpGCIffIC ”IL.jStr?tlorgj of th.e ﬁ)rlma}ry and Seconddary

tive pressure gradient force, but an alternative definition migtlude C'culation of a simulated tropical cyclone vortex under-

frictional forces also. going intensification in a state-of-the-art cloud model is
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15 15 -

spin up of circulation

N eye ~
5 M materially conserved 5
v=M/r-1fr
= T T 1
0 50 r km 100 0

M reduced by friction, but strong convergence = smallr = large v
(@) (b)

Figure 1. (a) Schematic of the axisymmetric view of tropimatlone intensification in the new paradigm. Above the baumdhyer, spin up
of the vortex occurs as air parcels are drawn inwards by therinore convection. Air parcels spiralling inwards in bwindary layer may
reach small radii quickly (minimizing the loss of absoluteyalar momentumj/, during spiral circuits) and acquire a larger tangentialdvi
speedv than that above the boundary layer. (b) Schematic of thedaume inner-core region during intensification in relatiorthe broader
scale overturning circulation. Air subsides into the baanydayer at large and moderate radii and ascends out of tinedaoy layer at inner
radii. The frictionally-induced net inward force in the balary layer produces a radially inward jet. The subsequesitigon of this jet
depends on the bulk radial pressure gradient that can bairsedty the mass distribution at the top of the boundaryrlayes jet eventually
generates supergradient tangential winds whereafteathal inflow rapidly decelerates. As it does so, the bountgmr separates and the
flow there turns upwards and outwards to enter the eyewalthi&sair ascends in the eyewall, the system-scale tandevitid and radial
pressure gradient come into gradient wind balance. Thissadent region has the nature of an unsteady centrifuga with a vertical scale
of several kilometres, akin to the vortex breakdown phermameRotunno(2014) and refs.)

shown in Fig.2, taken fromPersing et al(2013. Note- 3.6 Boundary layer thermodynamics

worthy features of the azimuthally-averaged flow are 6Soyama’s articulation of the cooperative intensification

follows. There is weak inflow through much of the lower : )
. . . aradigm assumed that the boundary laerould remain
troposphere with strong inflow in a shallow boundary laygr

) : igh enough to sustain deep convection as the vortex
and a strong outflow just above it where the flow erup 2veloped (sectio.1). In his model, the required high

into the eyewall. There is outflow also in the upper tr%' | ined by wind dd d ¢
osphere. The maximum tangential wind is found withirf values were sustained by wind-speed dependent surface
b oisture fluxes. In the WISHE paradigm, spin up depends

the layer of strong inflow. Above this height, the tangentigﬂ : L .
. . . __crucially on a progressive increase of the surface moisture

m : . .
tangential wind at a given height increases with incre tilies with wind speed (see e.flontgomery and Smith

. : : 9 . )14 Fig. 6).
ing height. Th_e vertical velocity field shows a region o As in the cooperative intensification paradigm, the
strong ascent into the upper troposphere where the bound-

ary layer erupts into the interior vortex. This updraugl[l? ating convection paradigm for spin up requires a modest

N . . evation of low-level moisture and henée to sustain

region is essentially moist saturated (not shown) and the : .. . )

. . S deep convection at radii where air is being lofted from

inner edge of this cloudy region is referred to as the eye- . .
e boundary layer into the eyewall. For reasons discussed

wall of the storm. Inside and outside of the main updraugat . T
: . . ove, the maintenance of buoyant deep convection is a
region, there is weak subsidence. Near the top of the bound-

: rerequisité for the convection to ventilate the increasing
ary layer where the flow turns into the eyewall updraug . ;
’ ; . . afmnount of air being lofted from the boundary layer as
there is a secondary maximum of vertical velocity. . o
. o the vortex intensifies and the upper-level warm core aloft
As the vortex intensifies, the boundary layer exerts g .
. : . strengthensi(ilroy et al. 2015.
ever increasing control on the pattern of convection as well
as on the ability of the convection to ventilate the mass

that is converging in the boundary lay&ddqyama 1982. 3.7 Outer-core size
Accordingly there is a subtle interplay through boundaptyy, 4 forecasting perspective, the prediction of trop-

layer dynamics between the spin up of the circulationy cycione size (i.e. the extent of gale force winds,
above the boundary layer, which depends on the stren eds greater than 17 m'$ is comparable in impor-
and location of the convection, and the boundary laygp, e with the prediction of intensity. For example, Atlant
response, which exerts a control on the radii at which air
ascends. The fate of the ascending air depends in part

. . - Ihe ability of deep convection to ventilate the mass thake#ed by
on thermodynamic processes, which affect the ability fHE boundary layer depends on the convective mass flux, anddks flux

convection to evacuate the increasing mass flux withitust depenéhter alia on the buoyancy of the cloud updraughts. However,

the boundary layer and continue to produce inflow abolygepends also on the area of the updraughts. Clearly, to fgainer
insight that is free from speculation about its postulatebaviour, one

the boundary layerilroy et al. 2015 Schmidt and Smith needs to calculate the changes in convective mass flux usingarical
2015. model (see e.dKilroy et al. 2015.
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(a) radius (km) (b) radius (km) (c) radius (km)

Figure 2. Radius-height cross sections of the azimuttealraged velocity components in the simulation descrilygédrsing et al(2013),

time averaged during the mature phase (144-148 h) of the-ttireensional calculation. (a) radial velocity (contouterval 2 m s*, (b)

tangential velocity (contour interval 5 nT'%), (c) vertical velocity (contour interval 0.5 m'$ for positive values, 0.1 m¢ for positive

values). Positive values red/solid, negative values das#led, shading levels as indicated by the side bar. Theddnitve in each plot shows
the location of the maximum tangential wind speed at eaafhtei

Hurricane Sandy (2012) was only a Category 3 storexample by the radius of gale-force winds) progressively
but was accompanied by an enormous area of galesrease. This behaviourwas explained in terms of a bound-
that led to extensive damage along the United Statgg layer control mechanism in which the expansion of

east coast. The practical importance of the size prahe swirling wind in the lower troposphere leads through

lem has motivated a number of theoretical and numerigglundary layer dynamics to an increase in the radii of
studies examining factors that determine tropical cyclofifced eyewall ascent as well as to a reduction in the max-
size (e.g.,Yamasaki 1968 Rotunno and Emanuel 1987jmum tangential wind speed in the layer. These changes
DeMaria and Pickle 198&u and Wang 2010Smith et al. are accompanied by ones in the radial and vertical distribu-
2011 Rappinetal. 20T1Lietal. 2012 Hakim 2011 tjon of diabatic heating, which, influences the inflow in the

Chan and Chan 2014-havas and Emanuel 2G1Rrisius ower troposphere and thereby the expansion of the swirling
2015 Kilroy et al. 2019. An appraisal of many of theseing in the lower troposphere.

studies is given b¥Cilroy et al. (20195. _ _ ) .

An underlying assumption of most of these stud- Kilroy et al. (2019 pointed out that the tight coupllr!g.
ies is that there exists a global quasi-steady solution ketween the flow above the boundary layer and that within
storms, an assumption that would requirger alia, that the boundary layer makes it impossible, in general, to
the storm environment be quasi steady. This requiremenligsent simple cause and effect arguments to explain vortex
unlikely (see sectiof). In fact, according to the convenbehaviour. The best one can do is to articulate the individua
tional paradigm for tropical cyclone intensification (se@/ements of the coupling, which might be described as a set
tion 3.5), one would anticipate that the outer circulationf coupled mechanisms. They employed a simple, steady,
will expand as long as the aggregate effect of deep csiab boundary layer model (detailed $mith et al. 2015
vection [including the eyewall and convective rainbands a way to break into the chain of coupled mechanisms
(Fudeyasu and Wang 20f11remains strong enough toreferred to above. The assumption is that, because the
maintain the inward migration of absolute angular momeeundary layer is relatively shallow, it adjusts rapidly to
tum surfaces. As demonstrated Kjjroy et al. (2019, the the flow above it. Since the partial differential equations
broadening circulation has consequences for the bound@éyn which the slab boundary layer model is derived are
layer dynamics, which play a role in determining the rad¥iarabolic in the radially inward direction, the inflow and
at which air ascends into the eyewall and the maximum t3fgnce the ascent (or descent) at the top of the boundary
gential wind speed, which occurs within the boundary laygfyer at a given radiu® knows only about the tangential
(section3.4). The broadening circulation has consequencgg profile at radii- > R (see Fig3). The inflow at radius

also for the boundary layer thermodynamics, which affecisynows nothing directly about the vertical motion at the
the spatial distribution of diabatic heating above the tnbunlop of the boundary layer at radii < R, including the

ary layer (sectior3.6). pattern of ascent into the eyewall cloud associated with
_ _ convection under the eyewall. In contrast, the numerical
3.8 Boundary layer control on inner-core size simulation does not solve the boundary layer equations

Kilroy et al. (2015 examined the long-term behaviour ofeparately, and it does not make any special boundary layer
tropical cyclones in the prototype problem for cyclon@Pproximation. Thus, the ability of the slab boundary layer
intensification on arf-plane using a nonhydrostatic, threenodel to produce a radial distribution of radial, tangentia
dimensional numerical model. After reaching a matug#d vertical motion close to those in the time-dependent
intensity, the model storms progressively decay while bdtnmerical simulation provides a useful measure of the
the inner-core size, characterized by the radius of the eglegree of boundary layer control in the evolution of the
wall, and the size of the outer circulation (measured foortex.
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50 behaviour in the prototype problem for tropical cyclone

m/sec et intensification. The calculation highlightsiter alia, the
25 pivotal role of the boundary layer in spinning up the tangen-
tial winds in the eyewall updraught. As discussed in section
0 50 r km 100 3.4, the spin up in the boundary layer is associated with the
W(r){‘¥ V() " development there of supergradient winds. The spin up of

) Sty sab boundaryoyer the eyewall updraught occurs by the vertical advection of
e the high tangential momentum associated with the super-
boundary layer equations parabolic => solution (uy/(r), v,(r), w(r)) at radius R knows gradient windsin the boundary layer- These boundary layer
only about V(r) for r > R. and eyewall spin up mechanisms, while consistent with
some recently reported results (e<glroy et al. 2015, are
not part of the classical theory of tropical cyclone spin up
Figure 3. Schematic illustrating the idea behind the boantigyer (S€€ SectioB.). In fact, in the eyewall updraught, the flow
control mechanism. is outwards (typifying the outward slope of the eyewall) so
that the radial advection of absolute angular momentum (or
radial flux of absolute vorticity) makes raegative contri-

As an example, we show in Fig. a comparison of butionto spin up in this region. Even so, there is inflow
velocity fields from the slab boundary layer calculations the middle layer at large radii where the classical mech-
compared with the corresponding azimuthally-averagadism operates to spin up the tangential winds. Based on
fields from the full numerical simulation at latitude 20 the results oKilroy et al. (2015, the spin up at large radii,
The radial and tangential wind components from thghere the flow in the boundary layer is subgradient, leads
numerical simulation are averaged over the lowest 1-km a feedback on the inner-core vertical motion through
depth, corresponding to an average over the depth of Baindary-layer dynamics and to a change in the spatial dis-
boundary layer, to provide a fair comparison with the slakibution of diabatic heating, mostly above the boundary
boundary layer fields. The slab boundary layer calculatioager, through boundary layer thermodynamics.
are performed every 12 h using the smoothed, azimuthally-
averaged tangential wind profile extracted from the numey- -
ical sigmulatio% shown irKilroy et al. (2015 (their Fig. 310 Efficiency arguments
5). Even though the integration of the slab boundaPpllowing pioneering studies &chubert and Hacd 982,
layer equations breaks down at some inner radius, whesgck and Schubert1986 and Vigh and Schuber(2009
the radial velocity tends to zero and the vertical velom the context of the inviscid, axisymmetric, balance
ity becomes large, the calculations capture many impeguations forced by a prescribed diabatic heating, there
tant features of the corresponding depth-averaged boyndae widely-held arguments that attribute the increasingly
layer fields from the numerical simulations. For examplegpid intensification of tropical cyclones to the increas-
they capture the broadening of the vortex core with timag “efficiency” of diabatic heating in the cyclone’s
i.e., the increase in the radii of maximum tangential wiridner core region associated with deep convection (e.g.
speed and eyewall location, the latter characterized by tigh and Schubert 20Q9Rozoff etal. 2012 The effi-
location of maximum vertical velocity. They capture alsciency, in essence the amount of temperature warming
the broadening of the outer radial and tangential wind fiekkbmpared to the amount of latent heat released, is argued
However, they overestimate the radial extent of the subi-increase as the vortex strengthens on account of the
dence outside the eyewall (cf. Fig,f). For reasons artic-strengthening inertial stability. Assuming that the di@ba
ulated above, these results provide strong support for Heating rate does not change, the strengthening inertial
existence of a dynamical control by the boundary layer stability progressively weakens the secondary circutgtio
the evolution of the vortexilroy et al. (20195 investigated which, in turn, is argued to reduce the rate of adiabatic-cool
also the thermodynamic control of the boundary layer aimdy of rising air. Thus more of the heating is available to
other aspects of the coupling discussed above. raise the temperature of the air parcel. Another aspect of

The Kilroy et al. study provides new insight on the fadhe efficiency ideas concerns the location of the heating in
tors controlling the evolution of the size and intensity of elation to the radius of maximum tangential wind speed,
tropical cyclone as well as a plausible and simpler explangith heating inside this radius seen to be more efficient in
tion for the expansion of the inner core of Hurricane Isab#éveloping a warm core thermal structure and, presumably,
(2003) and Typhoon Megi (2010) than given previously. an increase in tangential wind.

Recently,Smith and Montgomery2015 provided a
more direct interpretation of the increased spin up rate
when the diabatic heating is located inside the radius of
Schmidt and Smittf2015 developed an improved versiormaximum tangential wind speed. Further, they drew atten-
of a minimal axisymmetric model for a tropical cyclonéon to the limitations of assuming a fixed diabatic heating
and used it to revisit some fundamental aspects of vortaxe as the vortex intensifies and, on these grounds alone,

3.9 Eyewall spin up
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Figure 4. The upper panels show Hovmaoller plots of tangéiaind radial velocities in the boundary layer and the valrtielocitiy at the

top of the boundary layer from the slab boundary layer madith a constant depth of 2000 m. The lower panels show theespanding

azimuthally-averaged and temporally-smoothed quastfiiem the MM5 output. Contour interval: (a),(b),(d),(e) 5sm'; (c),(f): =2 cm

s7!,10cm st The 17 m s! contour is shown also in (a) and (d), the -2 m sontour in (b) and (e), and the 1 mscontour in (c) and
(f). Solid contours positive, dashed contours negativéo@ashading levels as indicated. Adapted fr&itioy et al. (2019.

they offered reasons why it is questionable to apply tttee role of eddy dynamics during tropical cyclone intensi-
efficiency arguments to interpret the results of obsenfézation, we return now to examine the rotating convection
tions or numerical model simulations of tropical cycloneparadigm in more detail. There is accumulating observa-
Since the spin up of the maximum tangential winds tional evidence supporting the hypothesis that convective
a tropical cyclone takes place in the boundary layer abdrsts in pre-depression disturbances and tropical cgslon
the spin up of the eyewall is a result of the verticact to spin up localized cyclonic vorticity anomalies in the
advection of high angular momentum from the boundalgwer troposphereReasor et al. 2005Sippel et al. 2006
layer, Smith and Montgomerguestioned whether deducBell and Montgomery 20L0Raymond and Carillo 2011
tions aboutfficiencyin theories that neglect the boundarganger et al. 2014&Kilroy and Smith 2015 The question
layer dynamics and thermodynamics are relevant to realityen arises: what is the role of these cyclonic vorticity
The efficiency idea was discussed (but not endorsed) iar@malies in the spin up process and what way might they
multiscale analysis of the rapid intensification of Hurriea modify the azimuthally-averaged view of the rotating con-
Earl (2010) byRogers et al(2015. vection paradigm?

4 More on the rotating convection paradigm 4.1 Role of cloud-generated vorticity

As noted in sectio.3, the findings ofPersing et al(2013 To help motivate one of the issues involved in understand-
suggest that previous studies using strictly axisymmetimg the role of in-cloud vorticity in the dynamics of a
models and their attendant phenomenology of axisymmaeveloping tropical cyclone, recall Stokes’ theorem, wihic
ric convective rings have intrinsic limitations for underequates the area-integrated vertical vorticity to theutérc
standing the intensification process. To further undedstaion defined by the line integral around a closed circuit loop
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within the fluid on a horizontal height surface. At any give
instant in time, the circulation is, of course, given by tt

area-integrated vorticity within the loop. Vortical comve ﬂ?
tive processes occurring within the loop, such as adiabs
vortex merger flelander et al. 1988Dritschel and Waugh
1992 Lansky et al. 198y} vortex axisymmetrization pro-
cesses Nlelander et al. 1988Montgomery and Enagonio
1998, and diabatic modifications theredfié¢ndricks et al.
2004 Tory etal. 2009, while certainly contributing to
the consolidation and upscale growth of cyclonic vorticit
within the loop, would seem to be unimportant to the n V-dS=”§dA
circulation unless these processes have an influence or. . ’
flow normal to the loop.

In general, theehange in circulatior(and vorticity) is Figure 5. Schematic of a region of deep rotating updrafts wito
governed by the divergence of a horizontal flux, and the floxpothetical circuits indicated by circles. By Stokes’dhem, the
is comprised of an advective and a non-advective contritsijeulation about either circle is equal to the areal inaégf the
tion (Haynes and Mclintyre 19§7For the purposes of this vorticity enclosed by that circuit. See text for furtheralission.
discussion we adopt standard geometric coordinateszawith

denoting height above the ocean surface. The equation for . - . . .

the local tendency of absolute vertical vorticity may be local changes in vorticity associated with pure advection

written as and the generation of vorticity by stretching. One would
9Ca

need to calculate the stretching effect separately (see e.g
ot Vi Fe, (11) Raymond and Carillo 2019156, column 2).

where F¢, =Far +Frnar, Far=un(, and Fp.s = For the simple thought experiment posed here (see Fig.
—(hw +k AFgi. Here u, is the horizontal velocity 5), the loop is first imagined to lie outside of the convecting
vector,(, is the horizontal vorticity vectoiy is the vertical region and thus the non-advective contribution to the net
velocity, Fg; is the horizontal force per unit mass due toirculation tendency is negligible compared to the advec-
molecular effects and sub-grid-scale eddy momentum fliime vorticity flux. In this situation, the key factor respon
divergences, an#t is a unit vector in the vertical. In thissible for changing the net circulation is the flux of abso-
form of the vertical vorticity equation, the baroclinic ter lute vorticity across the loop. In an azimuthally-averaged
that would ordinarily appear as an additional term on théwpoint phrased with respect to an approximate invari-
right hand side of Eq.1(1) is neglected because this term iant centre of circulation, there will be both axisymmetric
generally very small in the tropiclR@ymond et al. 2004 (or “mean”) and non-axisymmetric (or “eddy”) contribu-
From these definitions, it follows that the advective flugons to the absolute vorticity flux across the loop. If, oa th

is given by F.¢ and the non-advective flux is given byther hand, the loop resides within the convective region,
Fnar. The non-advective flux is associated with vortexhe non-advective flux contribution around the loop may no
tube-tilting processes as well as friction associated wihger be small in regions where there is mean ascent or
sub-grid-scale eddy momentum transfer. localized ascent that is spatially correlated with hortabn

The physics of the non-advective fluxes is describggrticity. Recent findings summarized in sectiér show

elegantly by Raymond eta). 2014 their Fig. 1). The that eddy processes in the active cumulus zone of a devel-
foregoing formalism is mathematically equivalent to thgping vortex contribute positively to both the advectivelan
material form of the equation for the vertical vorticnon-advective fluxes of vorticity and therefore contribute
ity (e.g. Batchelor 1967 Holton 2004". The material positively to the amplification of system-scale circulatio

form of the vorticity equation does not explicitly conveyhere. More will be said about this in sectidr?.
the area-integrated constraint contained by the flux form

expressed by Eg.l(). In contrast, calculating the diver-
gence of the advective flux does not distinguish betwegré Role of cloud-scale eddies

"The material form proves useful in understandingltioal amplification  Motivated by the foregoing discussion regarding in-cloud

of vorticity following fluid parcels by deep convective updghts, in : S - .
contrast to theoncentrationof vorticity inferred from Eq. {1) within a vertical vorticity and the associated flux form of the veatic

fixed closed circuit (assuming of course tha¥,, - ¢, > 0). Itis only Vorticity equation, we summarize now recent findings using
the concentration of vorticity that leads to an increasereitation about negr cloud-resolving, three-dimensional simulationsrof a

a fixed circuit. The local amplification of vorticity does ndity itself, . e . . .
increase the circulation because the increase of vortiitgtretching is intensifying tropical cyclone. To this end, we integrate th

accompanied by a decrease in the area of the material varextbat Vorticity equation { 1) over a horizontal circle of radius

is stretched with zero change of circulation about this meiteircuit. radijus being defined relative to an instantaneous centre of
However, by mass continuity, stretching must be accomplabpyeflow . lati Th dividina b btains th ti
convergence across the fixed circuit, which-¥7;, - F¢, > 0, does lead circulation. en, dividing bz, one obtains the equation

to an increase in circulation about this circuit. for the azimuthally-averaged tangential velocity tengenc
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(i.e., the azimuthal average of EQ)): relations (written here in cylindrical-polar coordingtes
a (v 0 (v _ l@ dv/r
W g w2 ) = (Ko (5554775 )):
—— —_
Vine > 10w 0Ov
v <7-)\z> = Km,v - T 5 (14)
o' 0, or' roXN 0Oz
—(u'(’) — <w’§> —Cp <7§> + (1012)
v v with parameterization formulae for horizontal and veitica
el d ) . i
Vew Vg eddy diffusivities, K, », and K, ,, (not written here, see

Persing et al. 201%or details.). The analogous specifica-
Here and elsewhere, the prime denotes a departure fiwon for (7,..) is
the azimuthal mean (or “eddy”). The azimuthal average

of some quantityQ, denoted by the bracket symbol, is i) = (K Ou +T8w/r (15)
defined by(Q) (r, 2, t) = 5= 02” Q(r, A, z,t)d\, where) is R R or '

the azimuth (in radians).

The terms on the right hand side of EG2) are rec- andpo(z) is the basic state density profile. As discussed
ognized as the azimuthally-averaged advective and néRove, from the viewpoint of the flux form of the vorticity
advective vorticity fluxes in the Haynes and Mclintyre forfdquation, the subgrid-scale turbulent momentum fluxes
of the vorticity substance equation divided by (in (7-») and(r..) are regarded as part of the non-advective
geometric coordinates). The mean and eddy terms in F@ticity flux.

(12) are, respectively, the mean radial influx of absolute Persing et a2013[sec. 6] found that, while the mean
vertical vorticity (V,.c), the mean vertical advection ofvorticity influx and vertical advection terms comprise lead
mean tangential momentuny,{,), the eddy radial vor- ing terms of the mean tangential wind tendency (thereby
ticity flux (V.c), the vertical advection of eddy tangensupporting the revised spin up schematic of Fif), the

tial momentum V.,), the azimuthal perturbation pressurtesolved and parameterized (subgrid) eddy processes con-
gradient per unit mass%pg)B, and the combined dif- tribute significantly also to the mean Spin—up tendency
fusive and planetary boundary layer tendenty)( This around the eyewall and tangential wind maximum through-
methodology represents the traditional Eulerian appro#t# the troposphere. The resolved eddy momentum fluxes
to “eddy-mean” partitioning in the tangential wind equadre associated with the in-cloud vorticity structuresighs

tion (e.g.,Hendricks et al. 2004Vlontgomery et al. 200gb into the physical nature of the in-cloud vorticity struasr
Yang etal. 200°. This formalism is analogous to avas obtained byersing et al(2013 using a flux equiv-

Reynolds averaging of the fluid equations for turbuleftent form of Eq.(2), adopting a Boussinesq approxima-
flow. tion for simplicity. Equation 12) may then be re-written as

The subgrid-scale diffusive tendency of the tangenthIHOWS:

wind component may be separated into radidl.] and

: may be Oy 1= () (v)  I((w)(v)
vertical (V;.) contributions: 5 = =2 pm — P — f{u)
2 19 (w)  a((v'w))
D s G
Var Va- +Cp <7p 8_7j\> " <DU> . (16)

where the subgrid-scale momentum fluxes are related to&wain, D, is the subgrid-scale tendency expressed as a
mean strain-rate tensor in cylindrical coordinates by a simadius-height divergence of the subgrid momentum fluxes
ple K-theory closure taking the form of local eddy diffusion:

1 or? <Tr>\> 8<7‘>\Z>
8This term is the equivalent representation of the azimiytraleraged r r z
perturbation pressure gradient force per unit mass inBgThe quantity . . .
=’ is the perturbation Exner function defined &s= 7— < = > with Where’ for ConS|S'FenCy W'_th_the Boussmesq-type of appr‘?x‘
= the Exner function from sectiod.1, and ¢/, = 6,— < 0, > is the imation, the vertical variation of the basic state density

perturbation density potential temperature that accdientwater vapour hag pheen neglected in the vertical derivative term1if).(

and cloud waterEmanuel 1991 . .
9Although we do not depart from this approach here, we notg tha The comparison of1(6) and (L7) shows the direct analogy

principle, highly localized asymmetric features can projgoon what are Of resolved— (v/v’) and — (v'w’) with subgrid(r,.,) and
termed here as “mean’ terms. For example, if we suppose @ate (., ) |n addition, in the mean radial and vertical momen-
axisymmetric vortex with an imposed, single, large-ampl, positive t tend ti t writt th | ;o
anomaly in vertical motion, this anomaly will project ontmtb the um tendency equations (not written), the resove< w)

vertical eddy and mean terms. is the analogue of subgrig..).
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Figure 6. Radius-height contour plots of resolved and sdksgale eddy momentum fluxes and related quantities fren3BBk simulation

of Persinget al. (2013: their Fig. 15) averaged over the second intensifinatiterval (144 - 148 h). (a) resolved horizontal momentum

flux < —u/v" >; (b) resolved vertical eddy flux of radial momentum—u'w’ >; (c) resolved vertical eddy flux of tangential momentum

< —v'w’ >); (d) subgrid momentum flux corresponding to panel ¢)r-» >; (e) subgrid momentum flux corresponding to panel (b),

< 7. >; (f) subgrid momentum flux corresponding to panel (c)7,. >. Contour interval for panels (a) - (c) is 2°ra~2; for panel (d) 0.5

m? s~2; for panels (e) and (f) 0.01 frs~ 2 between -0.1 and +0.1 (thin) and 0.2 812 above 0.1 and below -0.1 (thick). The dotted curve
in each plot shows the location of the maximum azimuthallgraged tangential wind speed at each height.

4.2.1 Horizontal eddy momentum fluxes is counter-gradieAt. Simply, the resolved horizontal eddy
momentum flux does not act diffusively to weaken the
Figure 6 shows the horizontal (radial) eddy momentumean vortex. Rather, it amplifies the low-level tangential
flux in a radius-height format and is focused on the innewinds inside the RMW and contributes to a contracting
core region of the vortex where the deep convection RMW with time.
active. Shown also are the corresponding subgrid-scale Insight into the nature of the up-gradient horizon-
momentum fluxes parameterized by the turbulence clostakeddy momentum fluxes was provided Bgrsing et al.
scheme given by Eqsl14) and (15). For reference, the (their section 6.5), who used high-resolution model out-
dotted curves in the figures identify the radius of the maput to examine the temporal evolution of the convective
imum azimuthally-averaged tangential velocity (heraafteorticity structures in horizontal planes. The evolutioha
referred to as the RMW) at each height. The data are tinhaviour of these structures is dominated by deep convec-
averaged over a four hour interval (144 - 148 h) during &en episodes, cyclonic vorticity enhancement by vortex-
intensification phase of the vortex, but other time intesvdlbe stretching in convective updraughts near the radius of
during intensification produce similar results. maximum winds, and vortex wave-like dynamics involving

Figure6a shows that during spin-up, the resolved-edé@e progressive shearing of cyclonic vorticity anomalies.
momentum flux,— (u’v’), has a coherent region of pos-
itive values around the RMW within and just above the 2 2 \Vertical eddy momentum fluxes
boundary layer and extending upwards and outwards in the ] ]
mean updraught to the middle troposphere. This impli€8€ Patterns of the resolved vertical eddy fluxes (i.e.,
an inward eddy tangential (and angular) momentum transt®'w’) and — (v'w’) in Figs. 6b6c are tall, negative,
port that is directed in the same sense as the gradienP$fvard-sloping columns concentrated around the RMW
mean angular velocity (cf. Eq14)), which has its maxi- and mean updraught. This location is where the vortical
mum value at or near the centre of circulation during tff@nvective updraughts are most active, and they are pre-
spin up phase. In contrast, Figd shows that that the cor-sumably the primary agents of the_se flux columns_. The
responding subgrid-scale momentum flux is predominan%qency of these flux columns contributes to extending the
negative and much weaker in magnitude than the resolvEgHION of strong tangential wind higher in the troposphere.
eddy flux near the RMW and within the mean updraught.

Therefore, the resolved flux in the lower troposphere a¢tdhe azimthally averaged radial subgrid-scale momentum(Eiay 14)
. directi ite to th dl | | 1 dominated byK,, ,rd/0r(< v > /r). Although K,, ; does vary
In-a direction opposite 10 the averaged local angular VelQf radius and height (see Fig. 15 Bfrsing et al. 2013 the radial

ity gradient presumed by the subgrid scale model, i.e.défivative of< v > /r dominates.
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14 M. T. MONTGOMERY AND R. K. SMITH

Persing et al(2013 found that the spin-up tendency eyewall updraught spun up by the the vertical advection of
from V., (and the Corresponding vertical divergence ( M from the boundary layer and by eddy momentum fluxes
— (w'v’)) is roughly three times larger than that fof,. B =
Thatis, in the region of vortical convection, the contribat
from the non-advective eddy vorticity flux to spin up i 4
comparable with, or greater than the contribution from tl € ﬂ
advective eddy vorticity fluxPersing et al(2013 found ~ eye
also that the resolved-eddy flux; (v'w’), does not act >
like eddy diffusion, but rather acts to strengthen locdiky t

‘ spin up of circulation beyond eyewall

M materially conserved

B =T

mean overturning circulation. — .
The subgrid vertical fluxes (Figse6f) have the 0 50 r km 100
expected large extrema in the boundary layer, but th M reduced by friction, but strong convergence = smallr = large v

show nothing in the tropospheric RMW-updraught region

where the resolved-eddy fluxes are active. There is some

pattern similarity in the negative- (v'w') and (ry.) in Figure 7. Schem_atic iIIustra_ting the revi_sed view pfsystmale spin
the upper-troposphere updraught region, but the latter is up in the rotating convection paradigm.

much smaller in magnitude. Als¢r,.) has a weak vertical

dipole pattern in the upper-tropospheric outflow regiogey tound (p3992)inter alia, that “Angular momentum
This pattern implies a weak tendency(in) to decrease they,,qget analyses during the intensification phase suggest

outflow altitude. that the eddy transport of angular momentum contributes
substantially to the total tendency of angular momentum,
4.2.3 Synthesis and revised spin up cartoon especially at low levels< 4 km) inside the radius of the

. . maximum tangential wind speed wh the horizontal
In a nutshell, during the spin up of the vortex, the resolv%cﬁxing length gour insertion)Fi)s small m (

eddy momentum fluxes associated with the cloud-scale 11 aqe findings, together with the finding discussed in

eddles_act_to strengthen_the mean tangentlal and r"j‘g@t!tion&‘;.Ssuggestafurther revision of the spin up cartoon
circulation in the developlng eyewall region. The Iargg%own in Fig.1. The revised cartoon is shown in Fig.

resolved-e_dd)ll fluxes occurin the RMW—uhpdraugIht €018 he conventional mechanism of spin up applies to explain
where vortical convection is most active. T ereso ved edgly, spin up of the circulation outside the eyewall updraught
fluxes generally do not ac_t like e_ddy dlffu5|_on, but reprgme eyewall updraught, itself, is spun up by the mean
sent a non-local flux associated with the vortical updrasigit, tical advection of high tangential momentum from the

and downdraughts. The resolved eddy component of ¢, 4ary Jayer and by the resolved eddy momentum fluxes
non-advective vorticity flux is as important in the vortcit discussed above.

(and circulation) dynamics as the corresponding advective
vorticity flux. The foregoing results show that both radial
and vertical resolved eddy-fluxes have qualitatively di% Potential intensity theory

ferent patterns above the boundary layer compared to the . . .
subgrid scale eddy-diffusive fluxes, and the resolved-eddy! understanding of hurricanes has been influenced

fluxes are generally larger in magnitude, especially the vafondly by the simple, axisymmetric, steady-state hurri-
tical fluxes. The disparity between the resolved and subg?ﬁ)ne model described in a pioneering study By@nuel

patterns belies a simple interpretation as local moment&ﬁw86 henqeforth E86). This mo_del has served fo _under-
mixing. pin many ideas about how tropical cyclones function. It

During intensification, the multiple vortica/Provided the foundation for the so-called ‘potential inten

updraughts will excite vortex Rossby and inertia-buoyantiy (P1) theory” of tropical cychnes_E(manueI 19881995
waves (as discussed elsewhere e.gCiren etal. 2003 ister and Emanuel 19%&nd its time-dependent exten-

Reasor and Montgomery 20j5which will in turn con- sion led to the formulation of the WISHE paradigm for

tribute also to the sign and structure of the eddy momentUHFnSiﬁCation Emanuel 19891997 2003 2013 referred
fluxes. The intensification process generally compriseéodns:acrt]'or& . Heory for th _ ol
turbulent system of rotating, deep moist convection and | tN€Ory refers to a theory for the maximum possible

vortex waves. A more complete understanding of ﬂ%tensn); tgat a:jstortnr: COUld. achieve '“_bel‘ ptartlcul?_r Iem'/l-d
complex eddy dynamics is certainly warranted. ronment, based on thé maximum possible tangental win

o . ; T 11
The foregoing findings regarding the positive contr. omponent (specifically the maximugradient wind).

bution of the eddy processes to vortex spin up have beé}fﬂ such an upper bound on intensity should exist follows

confirmed recently byzhang and Markg2015 using an

idealized configuration of the NOAA operational hurrillln the Emanuel (1988 formulation for the maximum intensity of
hLéiricanes, intensity was characterized by the minimurfasarpressure.

cane forecast m_Ode_I' For realistic settings in the Subg_lrﬂ ubsequent papers, the formulation for the minimum serfaressure
scale parameterizations suggested by recent observatioasrevised and focus was shifted to the maximum gradierd.win
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5.1 Emanuel’s steady-state model

Figure8 shows a schematic of Emanuel’s 1986 steady-state
hurricane model. The energetics of this model are often
. likened to that of a Carnot cycle in which the inflowing
air acquires heat (principally latent heat) while remagnin
approximately isothermal. The ascending air is assumed to
be moist adiabatic and the outflowing air at large radius is
assumed to descend isothermally in the upper atmosphere.
The final leg in the cycle is assumed to follow a reversible
moist adiabat. Recent work biister et al. (2010 has
"m fo radius 5l pointed outjnter alia, that this hypothetical dissipative heat
engine does no useful work on its environment.
Figure 8. Schematic diagram of Emanuel’s 1986 model foradste . Th? E86 model assumes hydrostatic balance and gra-
state mature hurricane. The arrows indicate the directibithe dient wind balance above the boundary layer and uses a
overturning circulation. See text for discussion. quaSi'Iinear slab boundary model in which departures from
gradient wind balance are negligibly small. The boundary
layer is assumed to have constant depth which A and
pseudo-equivalent potential temperatéureare well mixed.
from global energy considerations. Under normal circunhhis layer is divided into three regions as shown in Eig.
stances, the energy dissipation associated with surface fine eye (Re I), the eyewall (Re Il) and outside the eyewall
tion scales as the cube of the tangential winds, while t#f&€ !l) where spiral rainbands and shallow convection are
energy input via moist entropy fluxes scales generally wiSumed to form in the vortex above. The quantitieand
the first power of the wind. It follows that the frictional b, are assumed to be materially conserved after the par-

dissipation will exceed the input of latent heat energy golulslasves the boundary layer and ascends in the eyewall

the vortex from the underlying ocean at some point during : .
the cyclone’s intensificatid. It is important to point out |. In the steady model,_the pa_lrcel trajectories are stream-
: lines of the secondary circulation along whigh and 6.

that mqst storms never reaf:h thelr Riegril 1988’4':'9' L are materially conserved. The precise values of these quan-
DeMaria and Kaplan 199#ig. 1;Emanuel 1999 tities at a particular radius are determined by the friction
qundary layer. The model assumes that the radius of maxi-

cussed below, PI theory has been used widely to eg?gmtangential wind speedg,,, is located at the outer edge
0

mate the impact of alobal climate change on tropica the eyewall cloud, although recent observations indi-
P 9 9 P ca{e it is closer to the inner edgklérks et al. 2008 The

cyclone intensity and structure change. As an example ldle dashed curve emanating from is the M-surface

Its far-rea_lchmg mflgences, the E86 the_or_y is st USe ong which the vertical velocity is zero and demarcates
as a basis for deriving updates to thepriori Pl theory he region of ascent in the eyewall from that of large-

(Bryan and Rotunno 2009&arner 201p as well as for gcaje descent outside the eyewall. The outer dashed curve
estimates of the impact of tropical cyclone intensity anfldicates the location of the vortex sheet as described in
structure change due to global warming scenaéimsgnuel Smith et al.(2014). The flow segment between o and o* in
1988 Camargo et al. 2034 the upper right corner of the figure represents the assumed
isothermal leg noted above and is the location at which
air parcels are assumed to steadily gain cyclonic relative

2There is a subtle caveat with this scaling argument becéuestnear angular momentum (RAM;v) from the environment. The
dependence of the energy input on wind speed may be supgriésise ! '

degree of moisture disequilibrium at the sea surface issedias the wind gain of RAM is needed order to replace the frictional loss
speed increases. of angular momentum at the surface where the flow is

13t is presently thought there is an exception to this argumeen either cyclonic. This source of RAM is required for a steady state
the sea surface temperature is sufficiently warm or the uppgospheric )

temperature is sufficiently cold, or some combination oftthe prevails {0 €xist and itis pertinent to enquire whether this source is
(Emanuel 1988 Under such extreme conditions, the vortex is believgghysically plausible (see secti@i

to be capable of generating enough latent heat energy Viacgumois- Aside from the assumption of axial symmetry
ture fluxes to more than offset the dissipation of energy amndreaway’

hurricane - the so-called ‘hypercane regime’ - is predicBtdctly speak- and realism of the source of RAM, the model suf-
ing, however, these predictions have been formulated onlige context fers a range of issues as discussed $mith et al.

of axisymmetric theory and simulated using subsonic, aiggtric flow

codes. It remains an open question whether hypercanes aaeiyally

realizable in a realistic, three-dimensional flow configiora 15Contrary to statements made in E86, the formulation asspsesdo-
14Reasons why most storms do not reach their Pl are attribotédet adiabatic rather than reversible thermodynamics in whicbomdensate
deleterious effects of vertical shear, that tends to &ftddm a developing instantaneously rains ouB(yan and Rotunno 200933044). It is not
vortex and to open pathways for dry air intrusidrRi€mer et al. 2010 a true Carnot cycle, in part, because of the irreversiblersadf the
Tang and Emanuel 201®iemer and Montgomery 2011 precipitation process in the eyewall region of the vortex.

height

Vortex sheet

h | o gt e SO SRS

Despite the uncertainties with the theory to be di
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(2008, Bryan and Rotunn@20098, Emanuel(2012 and

32F ~

Montgomery and Smit(2014 (and summarized below). \ \70 75~

The original formulation for the Pl leads to an equatic -
for V2 . (EQ. (43) in E86): o

1 f2r2 28 55
Co — 13RT T
2 _ *
‘/mar - @Ean(l - RHas)l . Lq;‘(lB—RHas) 26 } %

1Cs,
2Ch BRT,

45
(18) 40
whereV,,.. is the maximum gradient wind; is the latent ~ ** [ 3
heat of condensation of water vapolli,is the sea surface »1 0 \
temperature(y is the surface exchange coefficient of moi: = \
entropy (and enthalpy)’'p is the drag coefficiente = _\20\
3

5
(Ts — Tv) /T is the thermodynamic efficiency factdrg . . . . . .
is the averaged temperature of the boundary layer (assur ~ © 00 %0 M0 o0 0 70 B0
constant with radius) is the average outflow temperature
weighted with the saturated moist entropy of the outflowgure 9. Predicted.... from Eq. (L8) as a function of sea surface
angular momentum surfaces (Eq. (19)Fwhanuel 1988°, temperatureT) and outflow temperaturdl,) from Emanuel’s 1986
q: is the saturation mixing ratio at the top of the surfageodel for a mature steady-state hurricane. TemperatuneGglsius.
layer in the environmentRH,, is the ambient relative The ratio of moist entropy to momentum transfer coefficieitzC'p
humidity at the top of the surface layes,= 1 — ¢(1 + is assumed to be unity. Calculations assume an ambientcsurfa

* . . ressure of 1015 mb, an ambient relative humidity (RH) of 80 %
Lq; RH,s/RT;) andr, is the radial extent of the storm neag Coriolis parametef evaluated at 20 degrees latitude, and an outer

: : 17
sea level (nominally the radius at whiéh= 0)"". radiusr, equal to 500 km. See text for further details. Adapted from
From Eq. (8), Emanuel constructed curves @, .. Emanue(1986.

as a function of upper-level outflow temperature and sea

surface temperature. As an example, for a sea surface

temperature 0p8°C and an outflow temperature of¢0° arguably liberatlly /Cp = 1 gives only 56.6 ms'. In this

C, the formula predicts ¥, of approximately 58 ms! case, there is a discrepancy of approximately 20h s

(see Fig.9). In this calculation, it has been assumed thBetween the theory and the observations. The discrepancy

Cy/Cp = 1, but the latest field observations and laboratoppans at least two intensity categories on the Saffir-Simpso

measurements synthesizedBell et al. (2012 suggest a hurricane scale (Category 3 to Category 5). The fact that

mean value of approximatelgy/Cp = 0.5 in the high some major hurricanes in regions of the world oceans can

wind speed range. Althougdsell et al.(2012 acknowledge significantly exceed this theoretical predicted intengity

the scatter in the latest observational estimateggt’, in  sea surface temperatures28f C (or higher) is presumably

the high wind speed regime, these data represent our lfe&@nsequence of certain assumptions made in formulating

estimates. For this reduced ratio of exchange coefficieriftg E86 model.

Eq. (18) predicts a reducet;,,, of approximately 42 m High resolution axisymmetric numerical simulations

s L. have been conducted to test the original Pl theory
One puzzling feature of both the E86 derivation and i3 & controlled setting Hersing and Montgomery 2003

extensions discussed below is that there seems to be no trisman et al. 200@ryan and Rotunno 200p&For hor-

straint thatv/dr = 0 at the radius of maximum tangentiaizontal mixing lengths consistent with recently observed

wind. Moreover, all derivations within this formalism failestimates from flight-level data in major hurricanes

to predict the radius of maximum tangential wind (at leagthang and Montgomery 20),2the numerical studies of

without introducing other unknown quantities)! Persing and Montgomer2003 and Bryan and Rotunno
Some major hurricanes can significantly exceed tf20093 confirm the tendency for solutions to significantly

value predicted by Eq.16). One such example is theexceed the theoretically predicted Pl given by Ed) @nd

case of Hurricane Isabel (2003)l¢ntgomery et al. 2006aits modifications summarized below.

and Bell and Montgomery 2008 which has been shown

to exceed its predicted PI for three consecutive days. &2 Unbalanced effects

an example, on 13 September, Isabel had an obseryved S .

maximum tangential wind of approximately 76 m's yet Important limitations of E86 theory are its neglect

: oo of unbalanced dynamics in the frictional boundary
a best estimaté based on Eq.1) using in retrospect anlayer Smith et al. 200 and above the boundary layer

o o (Bryan and Rotunno 2009bBryan and Rotunnalerived
16This is the temperature at which air parcels are assumedsicedd
approximately isothermally in the upper atmosphere.
17The mathematical definition faro is given by Eq. (20) ofEmanuel cooler water from below the thermocline by assuming a rdtexohange
1986 coefficients of unity and that dissipative heating offse&san cooling. See
18This estimate takes into account the uncertainty of the @xgé coef- Montgomery et al(20069 andBell and Montgomery(2008) for further
ficients and the ocean cooling effect by turbulence-indugaselling of details and footnote 19 for an update on the matter of disggheating.

/

7
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a modified formula forV,,., which accounts for unbal-in the boundary layer is assumed to be in approximate gra-
anced processes above the boundary layer. The formuldiént wind balance. For this reason, the new theory does
V2.. = EPI? ++~, where EPI isV,,.. as given by Eq. not address the concerns raised about the original theory by
(18), v = arm.mpw, and these latter terms are evaluategimith et al (2008).
at the top of the boundary layer at the location of max- Clearly, a more complete boundary layer formula-
imum tangential velocity (which, as noted above, is ntion that includes a radial momentum equation would be
predicted by the theory, itself). Herg= du /3> — Ow/0r required to determingy, r.,q, andwy, and thereby,,,q..
is the azimuthal component of vorticity,... is the radius Indeed, it is these three quantitieg,(r., andw,) that
of Vi.az, wy IS the vertical velocity at the top of the boundeharacterize the effect of ‘boundary layer control’ on the
ary layer at this same radius and= T /7,, whereT isthe eyewall dynamics discussed Wsjilroy et al. (2019 and
SST andr, is the outflow temperature. Theterm is asso- Schmidt and Smitif2015 (see sectior8.8). In this sense,
ciated with the inclusion of dissipative heating (the irae Bryan and Rotunris analysis provides further evidence
in internal energy associated with the dissipation of kithat unbalanced effects in the boundary layer are respon-
etic energy) in the Pl formulation dBister and Emanuel sible for those in the eyewall. Whep, r,,., andw, are
(1998%°. diagnosed from a numerical simulation (with an unbal-
Bryan and Rotunnshowed that anced boundary layer), the new formula 6§, is shown
to provide an accurate estimate for the maximum intensity
02 2 of numerically simulated vortices bBryan and Rotunno
MWy =2 (— - —g> ) (19) (2009 for a range of values of the horizontal mixing
length (seéBryan and Rotunno 2009&ig. 12)°.
The work of Bryan and Rotunnd20093 and sub-
equent work byRotunno and Bryan(2012 and Bryan

r

wherew is the total tangential velocity and, is the tan-
gential velocity in gradient wind balance with the radiet 013 have emphasized the strong dependence of the sim-
pressure gradient force per unit mass, both of which

| d at th ¢ the boundary | h ) ted intensity inaxisymmetrianodels to the horizontal
evaluated at the top of the boundary layer. They point Qyfin jength (and related diffusivity) used to parameteri

that, in a supergradient flow, the right-hand-side of thé%ymmetric mixing and small-scale turbulence.
equation is positive, whereuponon the right-hand-side

of Eqg. (19) is a positive contribution td,,,,.. In the limit- .
ing case of small horizontal mixing length, they find tha> A revised theory
v~ EPI so that (p3055) “ ... the effects of unbalanceEmanuel and Rotunn@011) andEmanuel2012) pointed
flow contribute as much to maximum intensity as balancedt that the assumption of the original model that the air
flow for this case”. In the case of Hurricane Isabel, the ngydrcels rising in the eyewall exit in the lower stratosphere
formula was a significant improvement and despite uncgt-a region of approximately constant absolute temperature
tainties in the observationBryan and Rotunneoncluded is questionable. In the second of these papErsanuel
that “... unbalanced flow effects are not negligible in soneg. cit stated that “... Emanuel and Rotunno (2011, here-
tropical cyclones and that they contribute significantly tgfter Part 1) demonstrated that in numerically simulated
maximum intensity”. tropical cyclones, the assumption of constant outflow tem-
Bryan and Rotunris extended analytical theory is noperature is poor and that, in the simulations, the outflow
ana priori form of Pl in the sense of using only environtemperature increases rapidly with angular momentum.”
mental conditions as input: it requires knowledge also © address these issues, a revised theory was proposed in
b, 'maz @Ndwy,. Thus one cannot make graphsigf,. as which the absolute temperature stratification of the out-
functions of SST and outflow temperature similar to Fig. flow is determined by small-scale turbulence that limits the
The theory continues to use the same boundary layer fgradient Richardson number to a critical value. Ordinarily
mulation as E86 (see their section 2b). In essence, the fibn Richardson number criterion demarcates the boundary
between stratified shear stability and instability/tugnde.
19 recent theoretical study byieu (2015 has suggested an inconsisHere it seems that small-scale turbulence in the outflow

tency of the Bister and Emanuel formulation and relatedragsion that |ayer is presumed to operate and limit the Richardson num-
all dissipative heating in the atmospheric surface layerredurn to the it

ng in the 2 ber to a critical value.
atmosphere as an ‘additional’ heat source that acts to autgiime max- . e
imum gradient wind of the vortex<ieu (2015 recommends use of the The new theory represents a major shift in the way
original PI formation ofEmanuel(1986), since (conclusions) “it can bethat the storm is influenced by its environment. In the
reinterpreted as a rational estimation of the TC MPI (trapicyclone
maximum potential intensity - our insertion) even in thesamce of the
internal dissipative heating ...” Drawing upon the obstoveal analy- 2°Notwithstanding the good agreement, there would appeae tovo
ses ofZhang (2010, Kieu (2015 suggests that the dissipative heatingssues with the comparison of PI theory with their numerazdtulation,
formulation used byBister and Emanug1998 andBryan and Rotunno both acknowledged in their paper. Firstly, the Pl is caldat the radius
(2009ab) overestimates the true dissipative heating in part due toac- of Vi, in the model rather than at the radius of maximum gradientiwin
curate estimate of the viscous work term in the boundaryrlape also of either the theory or the model. The second issue is theileion of
in part to the radiation of energy out of the hurricane by wimduced the gradient wind from the pressure field in the full modelpot which
surface gravity waves at the air-sea interface. This isterg topic would incorporates substantial unbalanced effects as well asatlaaced effects
appear to merit further study. contained in the E86 model.
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previous version, it was assumed that the thermal structGreRevisiting steady-state tropical cyclones

of the lower stratosphere determined the (constant) outflow

temperature. In the revised theory, the vertical structdieecent study bySmith etal. (2014 has questioned
of the outflow temperature is set internally within thé1€ existence of a realistic globally-steady-state trabpic
vortex and, in principal, no longer matches the temperat@lone. By global steady state we mean that the macro-
structure of the environment. This shift in the formulatiopc@le flow does not vary systematically with time. Among
would appear to have ramifications for the theory advanc@er things, echoingnthes(1972), the Smith et al study
by Nong and Emanue{2003 as to how upper troughsShOWQd t_hat if such a state were to eX|st,_the_n a source
interact with the vortex and excite the process of inneecdtf cyclonic RAM would be necessary to maintain the vor-
wind amplification. tex against the frictional loss of ang_ular momentum at th_e
The revised theory generally predicts a reduced intei®a surface. It showed also that while a supply of cyclonic
sity by a factor ofl /v/2 compared with the original formulaRAM is & necessary condition for a globally steady state
given above (seeEmanuel and Rotunno 201pp2246- cyclone, it is not sufficient. The vanishing of the spin
2247). However, it is difficult to assess the precise charigfe function above the boundary layer and outside regions
in V... between the two theories for the case of Hurricatéere turbulent diffusion is significant would be necessary
Isabel or other observed storms because, in the new the®i§0- It would seem to be a logical consequence that, with-
the effects of dissipative heating and the increase of ®iél a steady source of cyclonic RAM, tropical cyclones
saturation specific humidity with decreasing pressure &réist be globally transient, a deduction that accords with
excluded. In axisymmetric numerical model simulatiorPservations. For example, in the E86 model, cyclonic
used to test the new theoBnanuel and Rotunrused also RAM is assumed to be steadily replenished at large radii
large values of vertical mixing length to “ ... prevent thi# the upper troposphere.
boundary flow from becoming appreciably supergradient” In more general cases, which attain a quasi-steady
(see their p994), thereby keeping the tests consistentawigiate, a natural question arises as to the source of RAM
key assumption of the theofgmanuel and Rotunn@011) needed to support this statehavas and Emanu¢2014
argued that because the axisymmetric numerical mogegsented solutions for long-time sustained hurricanes
includes the foregoing effects and provides good agreemising the Bryan cloud model in an axisymmetric configu-
with the theory, these effects must approximately cancgltion. Although they noted the limitations of their findeng
This cancellation would imply that the revised theory iecause of the long-time required to achieve the equilib-
not an improvement to explain the discrepancy between thanm regime and the unlikelihood of observing quasi-steady
theory and observations in Isabel as discussed above. hurricanes in reality over a several day period, they did con
sider the primary source of RAM in one of their solutions.
5.4 Three dimensional effects Using a surface torque balance for their control experiment

There are significant differences in behaviour betwetehney reported that their sustained hurricane simulation-ma

tropical cyclone simulations in axisymmetric and thre%ged to maintain itself indefinitely via the replenishment o
dimensional modelsYang et al. 2007 Bryan et al. 2009 AM by vertical diffusion at the surface in the anticyclonic

Persing et al. 203 These studies have shown that threéOrtlon of the outer vortex, as predicted Bynith etal.

dimensional models predict a significantly reduced inte Z_Olzspélutions for one or more sustained hurricanes
sity (15-20%) compared to their axisymmetric counter- .

parts. In particular, in three-dimensional model simul qstmg_ for 20 or more days have_ bgen found  to
tions with parameter settings that are consistent withrriec xist n threg—dlme_n3|onal doubly-periodic rectangular
observations of turbulence in hurricand3ersing et al. omains (_(hawoutdlnov and Emanuel 201¥huo et al.
(2013 showed little support for the upper troposphere mi%—qm' Wh”.e these_sc_)lutlons appear to be plausible sus-
ing hypothesis ofEmanuel and Rotunn017). In their tained hgrrlcarjes, it is _nonetheless true that th_e theoreti
three-dimensional simulationBersing et al(2013 found Cf"‘l conS|derat|on§ osr_mt_h etal.(2014 should still pro- .
that values of the gradient Richardson number were ge yide a means (.Jf identifying vyhgn_e the source of cyclo_nlc
ally far from criticality with correspondingly little turddent AM must originate for each individual hurricane to main-

mixing in the upper level outflow region within approxi-ta'n itself. However, the needed source of cyclonic RAM

mately 100 km from the storm centre: only marginal critvas not investiga_\ted by these _Iatter auth_ors and the precise
icality was suggested during the mature stage. BasedSgH{ces 0f RAM in these solutions remains unknown.

these findings, it seems clear that three-dimensionaltsffec

should be accounted for properly in a consistent formula- cgonclusions

tion of the maximum intensity problem.

Bryan and Rotunn@2009h) pointed out that some of We have reviewed progress in understanding the fluid
their own reported results “might be specific to axisyngynamics and moist thermodynamics of tropical cyclone
metric models and should someday be re-evaluated usingices spanning the last two and a half decades since the
three-dimensional simulations”. This remark would seefinst review in this journal. Because of space limitations
to apply not only to their results. and the tremendous growth in the science of the subject,
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