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This study investigates the energetics of tropical cyclonéntensification using the
Available Potential Energy (APE) theory. While the idea tha tropical cyclones (TCs)
intensify as the result of the conversion into kinetic energ of the available potential
energy (APE) generated by the release of latent heat extraad from the warm tropical
ocean surface is now well accepted, its rigorous theoretitformalisation has remained
elusive owing to the complexity of constructing a suitable eference state for defining
and quantifying APE in a moist atmosphere. Yet, the constrution of such a reference
state is a key fundamental issue, because the magnitude ofettAPE reservoir and
of its temporal evolution, as well as the values of the thernaynamic efficiencies
controlling the rate at which diabatic processes generateradestroy APE, depend on
its specification. This issue is illustrated in the idealisg context of an axisymmetric
TC model by comparing the energetics of TC intensification ofained by using two
different sorting-based approaches to compute the referare state defining APE. It is
found that the thermodynamic efficiency controlling the APE generation by surface
latent heat fluxes is larger when the reference state is constcted using a ‘top-down’
sorting method, as the APE thus defined absorbs all the CAPE m@sent in the system.
However, because a large fraction of the overall CAPE is neveeleased during the TC's
lifetime (e.g. in regions dominated by subsidence), there ia better agreement between
the production of APE by surface fluxes and its subsequent carrsion into kinetic
energy when a ‘bottom-up’ reference state is used. These nglts suggest that contrary
to what is usually assumed, the reference state in APE theorshould be constructed to
minimise, rather than maximise, the total APE, so that the introduction of dynamically
inert APE is minimised.
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1. Introduction towards the vortex core it extracts energy from the oceafaser
and expands isothermally. Upon reaching the base of theadlyew

A mature tropical cyclone (TC) is often characterised by e air parcel rises within the deep convection where it eelpa
well developed secondary circulation. At the surface, aiwél and cools adiabatically. The air parcel then enters the autfl
cyclonically towards the vortex cor@he surface convergence ischannel near the tropopause. As it moves away from the vortex
balanced by rising motion in deep convection within the eglew core, it compresses isothermally and loses energy to space b
followed by anti-cyclonic outflow in the upper tropospherela radiative cooling. The circulation is finally completed biglsng
subsidence in regions at larger radii. As surface air spimalard, back to the surface at large radius where the parcel is wabiyed
sensible and latent heat are extracted from the ocean eurfadiabatic compression. In this view, the maximum amountakw
through surface fluxes. The latent heat is later releasedheas that can be performed is given by the Carnot efficiency defased
air rises within the eyewall which strengthens the convecti (Ts — Tout) /Ts, WhereTs represents the parcel's temperature
updraughts, leading to stronger surface inflow and evdgtuain the surface inflow and’,.: is its temperature in the upper-
maintains a thermally direct secondary circulatisegEmanuel tropospheric outflow (se®©zawa and Shimokawg2019 for a
(1991) or Emanuel2003 for detailed reviel. recent extension of this idea).

Emanuel(1986 first suggested that the secondary circulation From an energetic viewpoint, the Carnot approach can be
of a TC vortex can be viewed as a four strokes Carnot engirie thaed to simplify the vortex’s energy budget into a two terms
converts energy acquired from the ocean into mechanicagjgne balance between energy production and mechanical digsipat
In brief, as an surface air parcel moves down the pressudéegita For example Emanuel(1988 proposed the ‘Maximum Potential
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Intensity’ (MPI) theory that aims to predict the maximungreatly overestimating the amount of potential energy tieat
possible intensity of a TC in a given atmospheric state. The converted into kinetic energy. Physically, the APE theor
MPI theory assumes the surface energy input is converted imtould have a greater predictive value if APE could be defired t
mechanical energy at the Carnot efficiency, which is in thelee represent the right’ fraction of the total potential enesgtually
highest efficiency possible. Therefore, by equating su@rgyn convertible into kinetic energy, which is the basic idealesgx
conversion to the mechanical dissipation one can prediet tim this paper.

maximum possible intensity of the vortex. Semithet al. (2008 Lorenz(1978 suggested that one way to construct the reference
for a critical review of the MPI theory. state for a moist atmosphere is to use a ‘sorting’ procechae t

Another interesting characteristic of Emanuel’s Carnagearranges all air parcels in the atmosphere adiabatidatty
approach is the realisation that surface energy fluxes ciinkeel a hydrostatic and statically stable column. Various swidiech
to their conversion into mechanical energy by the thermadyin asRandall and Wand1992 and Tailleux and Grandpeix2004)
efficiency. The thermodynamic efficiency in Emanuel’s Carnaised similar adiabatic rearrangement to compute the refere
approach is determined by the temperature of the surfaaainflstate and APE of a conditionally unstable atmospheric colum
and that in the upper-tropospheric outflow (iB. and T,.¢). butitis unclear how such techniques can be applied to esteali
In Emanuel’s original framework, air parcels are assumed tioree-dimensional atmospheréso, note that the APE theory and
circulate in a fixed path such th@at and7,,: are assumed to bethe concept of reference state here are defined globallytbeer
constant. Generallyl’s is mostly controlled by the sea surfacesntire volume of the atmosphere. Meanwhile, CAPE is usually
temperature while locally it can be affected by localisentpsses defined locally for a given air parcel by lifting it along a rabi
such as precipitation downdraughts. Meanwhilg,; is mostly adiabat under the action of a positive buoyancy anomaly with
determined by how high an air parcel can rise in the eyewadlspect to the local sounding without altering the surraund
convection, or simply the buoyancy of an air pardebwever, atmosphere. Therefore, although APE may include contdbut
in a more realistic setting when air parcels do not follow thekom CAPE in a moist atmosphere, they are two completely
same trajectory in the secondary circulation, the thermadhic different concepts. Recently, the possibility of using areno
efficiency is likely to vary across the vortex depending oae thgeneral reference state in conjunction with a locally-aefiAPE
buoyancy of individual air parcel. density’ has been discussedTailleux (2013ab) andPenget al.

As is well known from classical thermodynamic theory, th€015 but the APE density will not be covered in this study.
Carnot theory of heat engines arises from the consideration As far as we are awar®auluis(2007) is the only study that
the entropy budget applied to a system undergoing a clodetly generalises the discussion of sinks and sources of faPR
thermodynamic cycle. As a result, a TC can be regarded ageneral moist atmosphere, but it provides no details abmwtth
Carnot heat engine only when viewed over its entire lifeefot construct the reference state on which the theory reliesuring
the assumption of a closed cycle to be approximately satisfiee that a suitable reference state can be constructed, thesdisa of
approach is therefore difficult to apply to the study of tlemsient energetics in APE theory takes the form
evolution and intensification of TCs. The theory of Avaikabl

Potential Energy (APE), first introduced hyorenz (1955 for dAPE G — CAPE—KE: 1)
understanding how the large-scale atmospheric circulatso dt

maintained against dissipation, represents in principleae dKE

satisfactory approach to study the energetics of stratffigds, Tt CapE—KkE—D @)

e.g., Tailleux (20133 *. Physically, this is because APE is by . . L
definition the fraction of the total potential energy corti@e into whered/dt is the total time derivativeAPZ and K E represent

S . . volume integr val f APE and kinetic ener
kinetic energy, and hence ultimately responsible for theeoled olume _teg at(_ad alues o and _etc energy, and
. e —_ L ) denotes dissipation by viscous proces&egiation () shows that
intensification. Historically, APE has been primarily defihas . . i
. ) the change in APE in the atmosphdreAPE / dt) is controlled
the difference between the potential energy of the actwk st . . .
. . . y the balance between the production of APE by diabatic
minus that of a notional reference state obtained by meams o -
- . - - L processes such as surface flux@$ &nd the conversion of APE
(moist) adiabatic re-arrangement of the fluid parcels misimy . o .
. into kinetic energy C4pe— k). Pauluis(2007) also presented
the total potential energy of the system. In the case of a ddy 3, detailed investigation of the production of APE by diabati
statically stable atmospheregrenz (1955 demonstrated that the g P y

. . . . processes in a moist atmosphere. In general, the production
APE resides only in the horizontal gradient of temperature a0f APE is governed by the addition (or removal) of heat and

Ynoisture by diabatic processes multiplied by a thermodyoam
For a moist atmospherelorenz (1978 1979 and eff|C|ency, defined as(.T% —Tref)/Tl. This is very similar to
manuel’s Carnot efficiency witlls and T,,: replaced by the
Randall and Wang(1992 have argued that the presence olf:' . . .
In-situ temperature of an air parcefy() and its temperature

boundary layer parcels with Convective Available Poténtig - .
Energy (CAPE) complicates the definition of APE, as it makeslp the reference state after the adiabatic rearrangemépg X

; Note that for nse air parcel that is rearran nwar
possible for the atmosphere to possess APE even for a htalon ote that for a dense air parcel that is rearranged downward

. S in the reference statel,..; can be warmer thard resulting
homogeneous_barotroplc state. This implies, therefo&_}a,GW\PE a negative thermodynamic efficiency. Another key differeix
induces a vertical component to APE. The connection betwegn

. . S that each air parcel in the atmosphere will have a different
the two concepts was discussed in much detailEmanuel IR ) .
. - . osition in the reference state leading to a range of theymentic
(1994. However, since it is not generally possible for all th

CAPE that exists at any given time in the atmosphere to Elr%fafluenmes depending on their buoyancy. For the sake oityla

released, it seems obvious that absorbing all the CAPE h&o ta Set:]:t;\nggynggfcgg:lg;% 1n; Tfﬁf t)hl/glstvl\: gl b?(:r?;?irged to
definition of moist APE, as proposed hprenz(1978 1979 and P Y Y. o

. . (KE), on the other hand, grows as a result of the conversion
Randall and Wang1992) may result in a value of APE IOOSSInyof APE into kinetic energy, and decays as the result of viscou

- dissipation D, usually assumed to be primarily controlled by
* Interestingly,Ozawaet al. (2003 suggest that the second law and Lorenz APk rface drag.

theory are nearly equivalent, but the consideration of teaa budget, e.grailleux . . . .
(2010, clearly shows that this is not true in general, and henatedhe should be Based on the APE theory’ this paper aims to investigate the

cautious in assuming that the two are interchangeable. production of APE by diabatic processes and its convergitm i

horizontal average of pressure and temperature fields.
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kinetic energy in numerical simulation of an idealised TCt&®. potential temperature ), a dimensionless Exner pressure
The complexity associated with finding a suitable refereste¢ée deviation from initial state+), and the mixing ratios of water
of a moist atmosphere with the adiabatic rearrangemenbapbpr vapour (), cloud water £;), rain water {,) and ice ¢;). The
is also addressed. The choice of the reference state is tampor prognostic equations were integrated forward in time withree
because it affects the values of the APE reservoir, as walff asstep of 6 seconds for a simulation duration of 150 hours. Ateho
the generation ternt in (1). On the contrary, the conversion oftime step (0.6 seconds) was used for advaneingu and = to
APE into kinetic energy@ 4 pr— k) is independent from the account for acoustic waves. No parametrisation scheme seb u
choice of reference statd@o understand why it matters, let usfor convection as it is simulated explicitly. The 2D modehtkin
integrate 1) and @) over the life cycle of the TC, assuming theextends radially to 3600 km and vertically to 27.5 km with a
kinetic energy to be small at the beginning and end of the lifeorizontal grid spacing of 2.5 km and vertical grid spacirig o
cycle, which yields 0.625 km. Note that each grid box in the axisymmetric domain
represents a ring shaped volume around the centre of notatio
A no-flux boundary condition was used while ‘sponge layers’
were placed at the top and outer boundaries for the absorptio
AAPE =G - Capp—KE (3) of gravity waves. Surface fluxes were simulated using thé& bul
0~Cappxp-D @) aerody_namic formulae. For sensible and latent hea@ fI_uxtImhe
- ’ coefficients were set at 0.001 and 0.00&&r surface friction, the
where AAPFE represents the net change of APE over the liférag coefficient(’p) was computed using
cycle of the TCand G, C spr_.xp andD are the production,
c_onversion _and dissipation terms integrated over the velard Cp = 1.1x1073 +4x 1077 x (u2 n /02>1/2 ©6)
time. Combining these two equations yields

G~Dit AAPE ) in which v andv are evaluated at the lowest model level.

This formula is similar to that underlying MPI theory, butrfo 2-2. Behaviour of the simulated vortex

the presence of the net APE change tety\d PE. Physically, . ) . -

one would expecAAPE to be negligible in order to be able toThe evolution of maximum surface wind speed .a.nd minimum
directly link generation and dissipation, but this is notessarily Surface pressure of the simulated vortex can be dividedimee

the case depending on how the reference state is constrécted distinct stages (figurda). The first 40 hours was a stagnation
instance, the initial and end states could both possestfisign  St29¢ with little to no intensification. This was followed &yapid
amounts of CAPE that is not released due to the presence!Jfnsification stage between 40-60 hours. The maximunaserf

convective inhibition. Absorbing such inert CAPE in the diifon wind speed_irllcreased from ju_st above_ _207[1”5“ 40 hours to
of APE could give the illusion of a physically meaninglessy& nearly 70 ms at 60 hours while the minimum surface pressure
value of AAPE. reduced rapidly from 980 mb to 940 mb towards the end of the

The main question investigated in this paper is whether it rigpid. intensification. After the rapid intensification, thertex
s in a near steady state from 60 hours onwards with small

possible to construct the reference state such as to mmim{& ) - J ; ; :
AAPE, which would establish the possibility of using APglUctuations in intensity. It reached a maximum intensity8Gf
theory to provide an alternative rigorous theoretical carion ™S - at 84 hours and remained above 60 thdor the rest of

of MPI theory. Two different sorting methods with contrasti the §|mulat|on. ) ) . .

views on buoyancy are developed and used to analyse thetoutp_d:'gure 1b shows the radius-height cross-section of hqr|zontal
from an idealised TC numerical model. The production of APEINd speed at 120 hours. The eye of the mature vortex is a calm
by surface fluxes in the simulated TC is also investigatedgusi'©9/0n With wind speed below 10 m. Surrounding the eye is the
the Pauluis(2007) APE framework. The production of APE byeyewall, repielsented by.a narrow region of strong wind riegch
surface sensible and latent heat fluxes is computed and cechp&!P © 70 ms™ and confined within 50 km from the centre of
to the conversion into kinetic energy. rotation. In general, the rate of intensificaiton and stricestof

This paper is divided into the following sections. Sectiof1® Simulated vortex is similar to other numerical simalasi of
2 gives a brief introduction to the numerical TC model anl'® Prototype problem using 2D (eBryan and Rotunng2009)

the sorting methods. Section 3 shows the main results of tf&d 3D (e.9.Nguyenet al. (2008; Shin and Smith(2008) TC

investigation followed by a conclusion and discussion ictisa mod_els. o _
4, Figure 2a-b shows the radius-time plot af and equivalent

potential temperaturg. of the lowest model level. From 40 hours
onwards, the surface layer within 500 km radius is charesetdr
by negative values af, representing the surface inflow branch of
2.1. Axisymmetric tropical cyclone model the secondary circulation. However, multiple outflows walso
observed in the surface layer at 20-30 hours (200-900 knusadi
This study used a modified version of the axisymmetric TC rhod@0-80 hours (200-2000 km radius) and 100-120 hours (1500-20
(hereafter 2D model) designed Rotunno and Emanu¢l987). km radius) respectively. These surface outflows were malked
Modifications to the rain-physics scheme and gravity waverfil positive values of; reaching 3-5 ms'. They tend to form at about
following Craig (1996 and Craig and Gray(1996 were also 250 km radius and then propagate away from the centre of the
included. The simulation follows the typical ‘prototypeopiem’ vortex at a fairly constant speed of 25-35 km per hour.
setup. The atmosphere was initialised using the mean hagic Comparing figure2a and2b show that the surface outflows
season soundinglgrdan 1958 and a weak initial vortex with clearly affected the values @ in the surface layer. While the
maximum surface wind speed no stronger than 15 Imwas highest values of. (> 365 K in the mature vortex) can be found
placed over an open ocean surface. The sea surface temmperatear the centre of rotation, the region beyond 500 km radius i
was fixed at 29C throughout the simulation. dominated by continuous fluctuation between highe8g5 K)
The 2D model contains nine prognostic variables includirend lower & 350 K) values ob. throughout the simulation. The
velocities in the radial, azimuthal and vertical direcdn, v, w), fluctuation is characterised by a gradual increask ivelues to a

2. Methodology
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Figure 1. Simulation results: a) Time series of minimum surface presgblue) and maximum surface wind speed (red); b) Disiobwf horizontal wind speed in the
vortex after 120 hours of simulation.
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Figure 2. Radius-time plot of a) radial velocity.j and equivalent potential temperatuée ) in the lowest model level.

maximum of roughly 360 K. The time of maximuég is usually sorting method begins by lifting all four air parcels adiadxly
observed during the onset of surface outflow. An abrupt dnop and reversibly to the top of the atmosphere representeddsgpre
0. to below 350 K is then observed after each surface outflow, . ;, (figure 3b). The most buoyant air parcel (parcel 1)
followed by a gradual recharge until the next surface outfldve  after the relocation is assigned to the pressure I8yg} ;,,, and
clear outward propagation signal suggests that the vanginz  removed from the pool of parcels. The same process is then
andd. might be associated with a gravity wave signal originatingepeated with parcels-24 at the next pressure leve}. ¢ ¢, + 6 P
from the inner region of the vortex, although more work woulénd then continuing downward (figuBe). Eventually each air
be required to confirm that such a propagation can indeed frcel is assigned to a pressure level, resulting in a saited
interpreted in terms of a ‘physical’ wave and is not a nuna&riccolumn that represents the reference state (figdje However,
artifact. one could argue that the reversal of the top-down sortindnoakt
can also produce a valid reference state. In this case, thanibo
up sorting method constructs the reference state by bdnaih

The definition of the reference state and how it can KU parcels downward to the surface represented’Ry i, -
derived from the observed atmospheric state is a vital part bhe least buoyant air parcel (parcel 4) is assigned to tiisspire
the APE theory. As discussed iborenz (1955 1978, one level and removed from the pool. The process is then repeated
possible approach is the ‘sorting’ method in which air perceWith parcels 1-3 at the next pressure levél..; o, +d/” and
in the atmosphere are rearranged adiabatically according cpntinuing upward until the construction is finished. Ndtett
their buoyancy. Eventually, this will produce a hydrostaand although both sorting methods give the same result in figdre
statically-stable column of air such that no more total ptigé this is not always the case in practice due to the presencABEC
energy can be used to support circulation thus satisfyireg tAnd each sorting method will produce a different referenates
definition of the reference state. As recently considered iis is the major focus of this paper and will be demonstrated
the oceanic case bgaenzt al. (2015, there are two natural further in the next section.
sorting strategies, namely the ‘top-down’ and ‘bottom-spiting Although the two sorting methods appear to be the polar
methods. opposite of each other, their operating principles are tideh
Consider a two-dimensional atmosphere containing four air brief, grid boxes of the 2D model at a given integrationgim
parcels (figure8a). To construct the reference state, the top-dovare regarded as individual air parcels. For both sortinchou,

2.3. Sorting strategies for computing Lorenz referenctesta
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the values of in-situ air temperaturdij, pressure ;) and Both the top-down and bottom-up sorting methods were used to
total mixing ratior;,; are used to compute the liquid potentianalyse the output from the 2D model. To improve computation
temperaturd, (11, P1, r+o¢) Of all air parcels in the model domain. efficiency, only the lower portion of the model domain was
The air parcels are then relocated adiabatically and rihers analysed while a large number of grid boxes representing the
to the startingP,..y (€.9. Prefpor OF Prefpor) Dy conserving stratosphere were ignored. The cutoff height was set at 15 km
0,(T1, P1,7t0t), Ttot @nd mass. The choice of usiny as a above sea level such that the analysis includes most, iflhatfa
conserved variable in the adiabatic relocation is becayse the troposphere and the important features of the simuleteelx.
defined as an exact proxy for moist entropy) 6uch that it
satisfies) (0;, Py, riot) = n (11, P1, rior) WhereP, is the surface
pressure. This coincides with the definition presenteBmanuel 3. Results
(1994 if the air parcel brought adiabatically # is unsaturated.

The parcel's temperature after the relocatidn, s, as well 3.1. Reference states
as the partition between vapour and liquid mixing ratip,and
r;, are then computed. An iteration procedure is designedyusirigure 4 shows the reference state position of each air parcel
the fact thatd; and r;,; are conserved in the relocation (i.eproduced using both sorting methods at 60 and 120 hours into
0,(T1, P1,7t0t) = 01(Tyef, PregsTtot)) SUCh thatT;..; and the the simulation. The reference state position of an air pasce
new vapour-liquid partition can be computed iterativelgnfr a represented by the pressure sRt.; it occupies in the sorted
range of possible values. The densities of the air parctds tife  column. For both sorting methods, a smal|. ; value indicates an
relocationp (P, s, Ty, rtot) are then computed and the densestr parcel is relatively buoyant compared to the rest of thi@ain
(or lightest for the top-down sorting method) parcel is seld and is lifted upward in the reference state. Similarly, géar,.. s
and assigned to the curref.., level. The nextP,.; level is value suggests an air parcel is relatively dense and isatgdc
then computed using,.; — 6P (or P,.; + 6P for the top-down towards the surface in the reference state.
sorting method) wheréP is the difference in pressure between Using the top-down sorting method, buoyant air parcels with
the current and the next,. ; level calculated using the mass of themall P,..; values can be found near the surface at 60 hours
selected parcel and the hydrostatic relationship. Aftexaéing Wwhen the vortex has just finished its rapid intensificatioguffe
the selected air parcel from the pool, the remaining paraeds 4a). The surface parcels were able to reach a small because
relocated to the updatef,.; thus starting the next relocationthe CAPE stored in the boundary layer was released when the
cycle. This process is repeated until all air parcels arggasd surface parcels were lifted upward during the top-downirsgrt
to aP,. slot, resulting a hydrostatic and statically stable columlso, parcels between 6-10 km above sea level near the centre

of air parcel representing the reference state. of rotation were mostly lifted to smalleP,..; compared to those
The pressure at the bottom and top of the reference statJarger radii, indicating this part of the vortex was ristely
Prefpot aNAP,¢ 7 10,, CAN be expressed &, ¢ 1o, = Prefpor — bUOyant compared to the region further away from the cerftre o

AP. P,.tpot can be computed using the relationship betweentation. While surface parcels rely on the release of CA&fhd
surface pressure and the total mass of air over a given susfea the adiabatic rearrangement to reach a smgll, parcels near
while AP can be computed using the total mass of atmosphédhe centre of rotation are in general thermally buoyant duiae
in the model domain and the hydrostatic relationship. Betms warm core signature of the vortex and therefore lifted uplwar
can be expressed as the reference state.
At 120 hours, the vortex has further developed and reached a
near steady state intensity. At this time, the surface laystill

Prefiot = (P x Aj) very buoyant. with _m(?st parcels Iifteq to small. ; especially in
’ Atot the inner region within 1000 km radius. However, the number o
(7)  parcels with smalP,. ; values has reduced slightly in the region
) between 1000 and 2000 km radius (figutle). This could be
Ap - Z(mixg) _
= Aror relatedto a surface outflow event which reduced theof the

region at 120 hours (see figuzb).
where P;, A; andm, are the surface pressure, surface area andAt 8-14 km above sea level, the inner region of the vortex
mass of thei” column of the 2D model domairy is gravity remained relatively buoyant compared to the rest of the inode
and Ao is the total surface area of the model domain. No@omain with the number of air parcels showing small.
that both P, 1o @and P, ¢ 10, (@and any other,. ; levels in the values increased slightly as the vortex intensifieabther notable
sorted column) are horizontally homogeneous such that me mdifference compared to the earlier time is the presence afeino
horizontal pressure gradient force (PGF) can further dauits to  columns within 1000 km radius which have smalfgy. ; values
the APE in the atmosphere. than the surrounding environment. These buoyant air catumn

‘Top-down’ sorting

Pref,top 1121314 \ 1 -

+6P[2 13[4 |\ >

Original State “Bottom-up’ sorting/-ap 3[2]1 / z
g Pref’ bot[ 4131211 4 Reference State

(a) (b) (c) (d)

Figure 3. Graphical illustration of the top-down and bottom-up swgtmethod. See text for explanation.
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Figure 4. Reference state position representedby; computed using the top-down (a-b) and bottom-up (c-d)sgriiethods at 60 and 120 hours respectively.

are rings of weaker convection outside the eyewall in which In general, the distribution of air parcels in the referesizges
the release of latent heat increases the buoyancy of aielsarccomputed by both sorting methods are very similar. Buoyant
resulting in a smalleP,.. ; in those model columns. air parcels in the inner region (dark grey) were lifted upvar

Similarly, the value of?,..; was computed using the bottom-ugo Py slots that are smaller than their in-situ pressure while
sorting method at both 60 and 120 hours (figdced). Above the air parcels in the outer region (light grey) showed only $mal
boundary layer, the results at both integration times anegdly displacement as they are relatively stable. Similar to tfierdnce
similar to those produced by the top-down sorting methiduk in the values of surfacePTef, the most remarkable difference
mid to upper-atmosphere (beyond 5 km above sea level) withatween both sorting methods is the distribution of surfareels
1000 km radius is characterised by an anvil shaped region (bfack) in the reference state. A large number of surfacegtar
buoyant air parcels wittP,..; values smaller than 200 mb. Also,were lifted to the top of the reference state between 300 and
model columns with smalleP,.; values can be found within 100 mb when using the top-down sorting method while most of
1000 km radius just outside the eyewall at 120 hours which tisem remained near the surface when using the bottom-upgort
similar to the top-down result described previousHowever, method. Another notable difference is that when using tie to
the most remarkable difference to the results with the toprd down sorting method, some parcels from the surface and tigg in
sorting method is the lack of buoyant parcels with snfall; region were relocated to the middle of the reference statedsn
values near the surface when using the bottom-up sortingadet 600 and 400 mb which was not observed when using the bottom-
At 60 hours, only two localised patches of parcels with stigll;  up sorting method.
values are found in the surface layer at 800 and 1200 km ralius ~ As the buoyancy of the surface air parcels is largely deteechi
120 hours, the number of surface parcels with smgll; values by the amount of CAPE they possess, the different results
increased in the inner region but the surface layer furtheya produced by the two sorting methods are clearly related ¢o th
from the centre of rotation is still dominated by parcelswirger treatment of CAPE during the adiabatic relocation. In the-to
P,.y values compared to the top-down results. down sorting method, the starting pressute s +,, is usually

To further investigate the different distributions of aarpels in  around 30 mb which is way above the typical lifting condeiosat
the reference states computed by both sorting methods,ddelm levels (LCLs) of the surface parcels. Therefore, when the
domain was divided into three regions representing theasarf surface parcels were brought adiabatically upward to thmeup
layer (i.e. lowest model level), the inner region (raditistl000 troposphere, they were able to release most if not all thentat
km) and the outer region (radius 1000 km). Figure5 shows heat they have. This has a huge impact on the density of an
a scatter plot off,.; against the in-situ pressur@y( for both surface air parcel after the adiabatic relocation sincettential
sorting methods at 120 hours. Each grid box is coloured dompr contribution from surface CAPE is included. Therefore, tibe-
to its origin using the division above. down sorting method offers a maximising view on the buoyancy
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Figure 5. Scatter plot ofP,.. ; against in-situ pressurg, for a) the top-down sorting method and b) the bottom-up sgntiethod at 120 hours. Each symbol represents
a model grid box and the model domain was divided into thefdtg regions: surface layer (blue); above surface laydrveithin 1000 km radius (red); above surface
layer and beyond 1000 km radius (green).

of surface air parcels by assuming all CAPE in the surfacerlayAPE production efficiency of individual surface parcels dan
can be released in the sorting process. as high as 0.3, while most of the buoyant parcels in the mid to
In contrast, when air parcels were brought to the surfac@per troposphere of the inner region showed values between
in the bottom-up sorting method, they were warmed by th¥1-0.2. Beyond 500 km radius, the mid to upper-tropospieere
adiabatic compression. As a result, air parcels were mostlyaracterised by a weak negative APE efficiency. This isuma
unsaturated after the relocation thus unable to releasetlaeat. the relatively stable air parcels in the outer region welecated
Therefore, only the most buoyant surface parcels were abledownward to make room for the buoyant air parcels from the
reach their LCL after theP,.; slots below the LCL were filled surface and the inner region that were relocated to the top of
by denser surface parcels from the outer region beyond 1600 the reference state. The compression and warming causéz by t
radius. As a consequence, the bottom-up sorting methodagne downward relocation resulted a larggr, ; compared to the in-
excludes the potential contribution from CAPE when evahgat situ temperatur@?, thus a negative APE efficiency.
the buoyancy of surface air parcels, leading to the lack dasa As the bottom-up sorting method restricts the release déhser
parcels with smalP,.. ; values. Compared to the top-down sortinCAPE during the sorting process, most of the surface parcels
method, the bottom-up sorting method offers a more miningisi remained near the surface in the reference state (figord).
view on the buoyancy of surface air parcels by placing a mugh the surface layer, the values of APE production efficiency
harder restriction on the release of CAPE. Since both prtiare generally much less than those computed with the togrdow
methods were able to identify the buoyant parcels in theupge  sorting method with most parcels showing values betwe@ris
of the inner region, it is clear that the construction of refeee  at both integration timesMeanwhile, positive APE production
state based on a parcel sorting approach is not affectedeby éfficiency was found between 6-12 km above sea level in the
thermal buoyancy that is directly available but the treatha inner region for both integration times. Compared to the- top
potential buoyancy associated with CAPE is more challemgindown results, the bottom-up sorting method clearly produce
The results here highlight the complexity of finding the refeee  more parcels with positive APE production efficiency in thielm
state of a moist atmosphere due to the presence of CAPE.tdnupper troposphere. This is particularly obvious at 120r&o
the next section it will be showed that the contrasting view cas the anvil of parcels with positive APE production efficign
buoyancy from the sorting methods has a large impact on thgtended further outward compared to the top-down resuttsea

computation of APE production by surface fluxes. same integration time. This suggests the restriction ofasar
CAPE release during sorting will not only affect the refaen

3.2. APE production efficiency state position of surface parcels but also those in the mighper
troposphere.

After constructing the reference state, the APE production Figure 7a shows the time series of the area-averaged APE
efficiency, defined a7y — T,..f) /T1, is computed for both production efficiency over the surface layer for both segrtin
sorting methods. In general, the APE production efficiengpethods. In general, the top-down sorting method produced a
reflects the buoyancy of an air parcel compared to the restrofich higher average surface APE production efficiency since
the atmosphere since the difference betw@gnand T,., is more surface parcels were relocated upward and attaineeleesm
determined by how the parcel is rearranged in the refereate. s T,y by releasing CAPE. After an initial spike up to 0.22 in
A buoyant air parcel that is relocated upward in the refezenthe first 20 hours, the average surface APE production effigie
state will have a coolef,.. ; compared to the in-situ temperaturgeduced slowly to 0.15 at the end of the simulatidhere were
T, leading to a positive APE production efficiency. In contrast also signs of periodic fluctuation with a period of roughly-20D
dense air parcel that is relocated towards the surface axi:ta hours.
warmerT,.. ; thus a negative APE production efficiency. Figure 7b shows the time series of the area-averaged top-
Consistent with the distribution of parcels with small., down surface APE production efficiency over the inner anemout
values, air parcels with the highest APE production efficjen region respectively. When averaging over the inner regialy, o
were found in the surface layer and in the mid to uppethe surface APE production efficiency increased steadiyfBO
troposphere inside the inner region when using the top-downurs onwards due to the build up of CAPE by the continuous
sorting method at both 60 and 120 hours (fig@@b). The surface moisture flux. In contrast, the time series producsiag
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Figure 6. APE production efficiencyT — T..y) /T1 computed using the top-down (a-b) and bottom-up (c-d)sgrtiethod at 60 and 120 hours.
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Figure 7. Time series of therea-averaged top-down (blue) and bottom-up (red) APEyatazh efficiency in the surface layewer a) the whole domain; b) the inner
region (radius< 1000 km, solid lines) and the outer region (radiud000 km, dashed lines).

data from the outer region only is characterised by a graduabuced after the onset of each surface outflow which is steri
decline from 30 hours onward which is more consistent witle the drop irg. shown earlier in figur@b.

the time series shown in figuiga. The gradual reduction of the |n contrast, the bottom-up sorting method produced a much
surface APE production efficiency in the outer region istela lower average surface APE production efficiency due to the
to the outward propagating surface outflows describedegdrli restriction on the release of surface CAPE during the sprtin
figure 2. Figure8 shows the radius-time plot of the top-down APKfigure 7a). The average surface APE production efficiency
production efficiency in the lowest model level. The top-dowl’emained fairly constant at 0.04 in the first 70 hours and then
surface APE production efficiency in the outer region drappdncreased gradually to 0.11 by the end of the simulation.

from above 0.35 to below 0.05 after each surface outflow event When averaging over the inner region only, the bottom-
This suggests the buoyancy of parcels in the outer region wgs surface APE production efficiency showed a rapid increase
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Surface top-down production efficiency

0.35
-1
Glat = Trﬁ Qiat Lv p,

0.25 ) N 1/2 C)
R Qlat = Cg (TU, surf — To, Az/2) (U‘ +v )Az/Q .
[
% 0.15 In equation 8), Qsen is surface sensible heat flux, is heat
E
E

capacity and’r is the dimensionless flux coefficient for sensible
heat. In equation9), Q,,; is surface latent heat flux,, is latent
l0.05 heat of evaporation andz is the dimensionless flux coefficient
for moisture. The subscriptsurf and Az/2 denote that the
variable is evaluated at the surface and at a half model ébmle
Loos the surface respectively. Both.,, andG,,; have units of Wm 2
1000 Radius (2I?r(r)1°) 3000 The discussion here will focus d@Hy,; sinceGsen is relatively
insignificant. The radial distribution of surface latentahélux
Figure 8. Radius-time plot of top-down production efficiency in thevisst model  Within the vortex at both 60 and 120 hours is consistent with t
level. typical distribution of wind speed, with the largest valdeand
inside the eyewall and a gradual reduction outwards fronmiter
o region (figure9a-b). The radial profiles of;,; computed with
between 70 and 120 hours and reached similar values to the tgg, sorting methods show a similar distribution with thegést
down results by the end of the simulation. This increase WBgoduction found in the eyewall. Compared to the surfacentat
caused by the build up of moisture in the boundary layer of thgat flux, the values of,,; are relatively small with roughly
inner regionwhich lowered the LCL of surface parcels such thadgy, of the surface latent heat flux converted into APE. The
they could be saturated by lifting them over a shorter distan y5),es ofG,,; are affected by the difference between the top-
Although the bottom-up sorting method generally restritts gown and bottom-up APE production efficiency at the surface
release of CAPE, when constructing the reference stat&the \yhich is most obvious at 45 hours. When using the top-down APE
slots nearer to the surface are usually assigned to the dens@duction efficiency, positive values of APE productionreve
surface parcels from the outer region. As a consequendecsur foungd just outside the centre of rotation and extended Hgdia
parcels from the inner region can be ‘stacked’ above theimal  gytward to as far as 400 km radius. In contrast, little to no
position when using the bottom-up sorting method. Combingghbe production was found beyond 50 km radius when using the
with the lowering of LCL, a larger number of surface parcetS&v pottom-up APE production efficiency. This is because the top
able to release CAPE towards the end of the simulation,tregul down APE production efficiency in the surface layer was gaiher
in & higher average surface APE production efficiency inége |arger than the bottom-up APE production efficiency esplydia
Inner region. the outer region as shown in secti®r2. The difference between
When averaging over the outer region only, the bottom-4fe top-down and bottom-up APE production efficiencies i th
surface APE production efficiency remained under 0.05 fer tRyrface layer became smaller in the inner region as the worte
entire simulation and showed no clear trend of change. Whilgensified. At 120 hours, the surface APE productions cdetpu
the top-down results were affected by the outward propagati  with both efficiencies were almost identical inside the megjion
surface outflows, the bottom-up results were less sensilives  although a slightly larger production was found between 8000
is due to the restriction on CAPE release in the bottom-upr&pr km radius with the top-down APE production efficiency.
method such that the reduction in buoyancy associated Wéth t  Figure 10a shows the time series of surface latent heat flux
passage of surface outflows will not have a significant impact and@;,, computed using the top-down and bottom-up production
the bottom-up results especially in the outer region. efficiencies. The time series of both the surface latent fieat
The results above showed that the surface APE productiand APE productions are computed for the inner region only,
efficiency is controlled predominantly by the sorting methowhich better reflects the vortex’s intensification. The tisagies
used to produce the reference state. The surface APE pioduchf surface latent heat flux showed little change in the first 40
efficiency also showed significant spatial variation betwée hours, followed by a sharp increase from just above 120"Wm
inner and outer region, with the highest APE production iefficy to more than 350 Wm? between 45 and 70 hours as the surface
always located within the inner regiomhe outward propagation wind speed strengthened during the rapid intensificatiguorJ
of surface outflows also affected the buoyancy of air paicellse reaching a steady state intensity, the surface latent heat fl
outer region. However, only the top-down results were ¢ieesd remained consistently above 350 W between 70 and 110
such processn the next section, the production of APE by surfackefore decreasing gradually to below 300 Witowards the end
fluxes is computed using the surface APE production effigienc of the simulation.The reduction in surface latent heat flux near
the end of the simulation was caused by the decreasingetifter
3.3. Surface APE production in 7, between the boundary layer and the sea surface as well as
a slower intensification of the surface wind speed. Bothofact

Using the APE production efficiency, the production of Apieduced the effectiveness of the surface latent heat flux. _
by surface fluxes is computed followinBauluis (2007). The  Compared to the surface latent heat flux, the values,of in

production of APE by surface sensible and latent heat fltk,,  the time series were much smaller. While the radial profigut
andG,,; respectively, can be computed using 9) showed that as much as @0of the surface latent heat flux

can be converted into APE within the inner regitre time series
of both APE productions generally show smaller percentages

T =Ty after including surface parcels with lower production edfcy
Gsen = T Qsen cp P, at larger radii into the calculation when averaging out td&m
5 o9\ 1/2 (®) radius.Figure10b shows a clearer illustration of bofty,,; profiles
Qsen = Cr <asurf - 9Az/2> (u +v )Az/2% by reducing the range of the y-axis. When using the top-down
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Figure 9. Radial profile of surface latent heat flux (dashed green)@nd computed using the top-down (solid blue) and bottom-updset) APE production efficiency
at a) 45 and b) 120 hours. Note that the profiles extends to k®0@dius only for clarity.

SLHF and G lat Glat and buoyancy term
120 : :
=== SLHF —G,,, Top—down
400f G,_.: Top—down 1
—y OP R R 100y, —G,,,: Bottom-up )
—G,_: Bottom-up | -* "** Lo a '
lat N N 80| = = =Conversion term
3001 o *
) 60
) - )
£ 200f o 1 E 40
2 e 2
bammans? el 20
100¢ 1
M 0
07 i -20r 1
1 1 1 1 _40 1 1 1 1
30 60 90 120 150 30 60 90 120 150
Time (Hours) Time (Hours)

() (b)

Figure 10. Time series of a) surface latent heat flux (SLHF, dashed y@®hG,; . computed using the top-down (solid blue) and bottom-updsed) APE production
efficiency; b) Time series of!;,; as in (a) andhe conversion term’ 4 p . i = (dashed black)

APE production efficiency, thé;,; profile was generally larger to the top-down APE production time series. The rise in lotto
than that computed with the bottom-up APE production efficie up APE production began later at 70 hours and showed a steady
which is consistent with the radial profile shown previously increase until 120 hours, followed by a slight decline nbarend
figure 9. The top-downG,,; profile showed a marked increaseof the simulation similar to the top-down APE production.eTh
between 40-60 hours as the vortex rapidly intensified. This wdelayed rise of bottom-up APE production is consistent it
followed by a steady increase until 120 hours and a slighfrkec time series of the bottom-up APE production efficiency (fegur
near the end of the simulation. 7) which showed a much lower APE production efficiency in the
Since the top-down surface APE production efficiency wdist 70 hours of the simulation followed by a gradual inceeas

affected by the outward propagating surface outflows, theega afte_rwards. _ _
of top-downG,,; also showed similar variation. Figuid shows Finally, the production gf A_PE by su_rface latent heat flux is
the radius-time plot of the values af,,; computed with the compared to the conversion into kinetic energy ek r)-

top-down APE production efficiency. Similar to the radiabfie  1h€ conversion termCspp_.xp is defined using the term
shown previously in figur®a-b, the inner region within 1000 km "€Presenting buoyancy force in the vertical momentum eojuiat
radius was dominated by relatively large valuegigf, while little -
to noG,,; was found beyond 2500 km radius. The region between
1000 and 2500 km radius was characterised by alternatingsban 0_7 el O
. — pYu r

of higher (greater than 10 Wnt) and lower (less than 10 Wnt) CapE—KE = pgw (T +0.61(q0 — Q) — @1 — b ) .
G4t values. The transition from higher to lower values®f; is g (10)
quite rapid due to the rapid drop in the top-down APE producti |n prief, the first and second terms on the RHS of equatid) (
efficiency after the onset of surface outflow associated @étth represent the contribution to buoyancy force from the dimna
passing surface outflow. of # and ¢, from the initial stated andg, while the third term

Compared to the top-down APE production time series, thepresents the work required to carry the liquid water logdihe
bottom-up APE production time series mostly has smallares| lastterm is a ‘correction’ term needed to obtain the trueybnoy
especially during the first 100 hours of simulation. Alsoe that a given integration time since the model domain will beeom
bottom-up APE production showed only a modest increaseguriwvarmer and more humid relative to the initial state as théexor
the rapid intensification period between 40-60 hours coetpardevelops. This correction is made using the vertical gradaé
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Surface top-down G -2

lat Wm authors such asorenz (1978, Randall and Wang1992 and
w.“‘ 45 Tailleux and Grandpeix(2004 have discussed various ways
| to construct such a reference state, the implications far ou
40 understanding of moist energetics have been limited so far
35 to rather abstract considerations about how to generafise t
- 30 concept of CAPE in a one-dimensional atmosphere for which
£ all the APE resides in its vertical component. Discussidnhe
‘g’ 1% implications of the choice of any particular referenceestat our
F 120 understanding of the energetics of concrete weather phemam
115 have been lacking.

In this study, two different sorting strategies were used to
construct the reference state, referred to as the bottomndp
top-down sorting approaches, similarly to what was regeaddhe
1000 2000 3000 —0 for an ocean with a nonlinear equation of state $genzt al.

Radius (km) (2015. In contrast to the oceanic case for which the two different
approaches yield similar reference states, large diftererexist
between the bottom-up and top-down reference states in our
simulation of TC intensification. This difference has inmpoit
consequences for our understanding of the thermodynamic

the Exner pressure deviation te@s, /0= which is positive for - . . ; . .
an atmosphere that is warmer than the initial state thusrloge gﬁlClency associated with the different diabatic procsssavork

the buoyancy term and vice versa. A more detailed discussionn @ TC and for trying to predict how much APE can contribute to

the role of buoyancy force and the correction term in theicairt theAlntensglcatlon.t d. the top-d ¢ tate is the ane th
kinetic energy budget is provided in the appendix. S can be expected, the top-down reterence state IS the ahe

The time series of the conversion term, integrated over tl?ead?htci the Igrgest valtue of A};F;E, S:nfleﬂ']t |sct;\yptl:zonstru:litm. th
volume of the inner region, is provided in figui€b. In general, one that can incorporate most i not af the presenten

the conversion term increased gradually as the vortex sifted. domain, and theref(_)re th_e one that the prevailing \{V|_sd_omldvou
Compared to the APE production time series, the bottom-t commend to use in moist APE theory. However, it is impdrtan

time series clearly shows a closer match to the conversiom, tet rec?gnlse tglattCAPE EC;EU.' b:Jtesl tofrpmst energ::-.t |cslwh@n
especially during the first 100 hours of the simulation. Thigarcels are avle to reach their ‘evel ot free convection, c

. : hen they have become absolutely unstable. The main problem
suggests that when using the bottom-up sorting method, B A" - . o
99 g P 9 h the top-down based definition of APE is that it incorgesa

budget was dominated by the balance between APE product\% . . o

and the conversion term while thigl PE/dt term was relatively 2 'r9€ fraction of the total CAPE that s in fact dynamicatlgrt

small. However, the bottom-up?,,, became greater than theand not actually available for conversion into kinetic gyyeMany
' ’ - at

conversion term in the last 30 hours of the simulation. Thés Wsuch_parcels can be found_in t_h(_a reg_ions qf the e dominated by
caused by the gradual increase in the bottom-up surface C\T%’S'dence’ where CAPE is difficult if not impossible to asie.

production efficiency especially in the inner region as sho n contrast, the bottom-up based definition of APE only idelsi
previously in figure?. the CAPE of the absolutely unstable parcels, when such Isarce

In contrast, the top-down APE production is always larganth gaven actlrthar:Iy rsntatr:]e?j tto :je tm upd:autg:qtst. A;i atLesrerr:ugbe mi
the conversion term throughout the entire simulation,datiing own sorting method tends to overestimate the thermodynami

a build up of APE in the domain. Therefore, tid PE /d¢ wil efficiency of the system, and hence to lead to an APE generatio
be more significant in the APE budget dué to the larger A rm that is much larger than the actual conversion of AP& int

production resulting from the top-down sorting method. kinetic energy. A much better agreement between APE geaerat

The results above suggest the bottom-up sorting methoda&d subsequent conversion into kinetic energy is found when

more capable in identifying the portion of APE generated b fs'?hg t?e t()jottom-u]!:) sorting tnletho.d.h:'gereforf ’ V\glme the us
surface latent heat flux that can be converted into kinetargn € top-down relerence state mig € preferanle as a way

through the work of buoyancy force. The top-down sortinéO syrlthes_ise information_ about all avail_a ble potentiaér_gy
method, in contrast, tends to produce a much larger surfé&te A ontained in the system, it nevertheless yields a lessfatisy

production as it assumes all surface CAPE in the vortex can %%scrlptlon of the ene_rgencs of TC intensification fo_r \.M"t
released, resulting a larger production efficiency at théasa. appears preferable to include as p"f‘” of _the_APE definitidg on
However, a large portion of surface CAPE is dynamically Ijnerpart of the APE actually convertible into kinetic energy.

especially in regions dominated by subsidence further dray LA SR SR A TR IR DR
the centre of rotation. The large APE production in the topsa L PP . 9 L
state as one that minimises the potential energy in an ditiaba

sorting method can only contribute to the storage term dwlstere arrangement mav not be the most suitable aporoach. and th
of converting into kinetic energylherefore, the conclusion here. 9 y u pp ’

. . . - |{ is much better in the present example to define it such as to
is that the bottom-up sorting method is a more suitable way 0™, . JAPE /dtin order t imise th lation bet
construct the reference state as it is able to minirdis@ F /dt. minimise /dt in order to maximise the correlation between

APE generation and conversion of APE into kinetic energy; ou
results suggest that the bottom-up sorting approach akkmeso
achieve this objective. Second, they imply that we can piea

How to construct the reference state in moist APE theory h re rigorous footing for the MPI theory using APE theonisth
will be investigated in future studies.

been a longstanding vexing issue. We investigated this imere
connection with the energetics of TC intensification and MPI
theory. Until now, the prevailing view had been that the refee
state should be constructed as the one minimising poteméely

in an adiabatic re-arrangement of the fluid parcels, in atzowe
with Lorenz(1959’s original recommendation. Although various

110

Figure 11. Radius-time plot of top-dowi, ;. in the lowest model level.

4. Conclusion and discussion
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Appendix to the time independent initial profileBy incorporating it into the
. o term representing the work of buoyancy force (i.e. first temthe
A. Buoyancy force and the vertical kinetic energy budget  RHS of equation13)), it can then be used for a fair comparison

) ) ] ) . with the time dependent APE production term as in equatiGh (
The key result presented in this paper is that given a seitabl

reference state, the production of APE by surface latertfhea
is mostly balanced by the conversion into kinetic energgugh References
the work of buoyancy force. Such conversion takes placehga t

vertical momentum equation, which in the 2D model is given by .an GH, Rotunno R. 2009. The maximum intensity of tropical
cyclones in axisymmetric numerical model simulatiokon.

Duw 0_7 o - Wea. Re\137 1770-1789.

Dt <T +0.61(q0 — @) — qz) — epbog + Du, Craig GC. 1996. Numerical experiments on radiation andi¢gdp

(112) cyclonesQ.J.R. Meteorol. Sod.12 415-422.

wherew is vertical velocity,g is gravity, § andg, are the initial Craig GC, Gray SL. 1996. CISK or WISHE as a mechanism for

potential temperature and vapour mixing ratio profiles used tropical cyclone intensificatiord. Atmos. Sci53: 3528-3540.

initialise the model domainy; is liquid water mixing ratio.c,  Emanuel KA. 1986. An air-sea interaction theory for tropica

is heat capacityf, is the initial virtual potential profiles is cyclones. part I: Steady-state maintenanteAtmos. Sci43

the Exner pressure deviation from the initial pressure eraiind 585_605.

Duw 18 (:IfquIOI’] Otf ver;[;]cal k':‘,e“f k(.anetr.gyUsmg tgedve:tlcal Emanuel KA. 1988. The maximum intensity of hurricands.
momentum equation, the vertical kinetic energy budget @an b ,, Scid5(7): 1143-1155.

defined as Emanuel KA. 1991. The theory of hurricanésnu. Rev. Fluid
_ Mech.23: 179-196.
DKFEy 00 0.61 _ Emanuel KA. 1994Atmospheric convectio®xford Univ. Press:
D —wmg |~ t0 (v — ) — @ New York
(12) :

Emanuel KA. 2003. Tropical cycloneénnu. Rev. Earth Planet
Sci.31: 75-104.
where K E., — 0.5mw? is the vertical kinetic energy aneh Jordan CL. 1958. Mean soundings for the West Indies alea.

is mass. Equation1@) shows that the vertical kinetic energy Meteor15:91-97. _ _

budget is controlled by three terms on the right hand $ice Lorenz EN. 1955. Available potential energy and the maatee
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